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PREFACE TO THIRD EDITION. 


Tuts little text-book was written some years ago to accom- 
pany the lectures in a short preparatory course on the New- 
tonian Potential Function, especially intended for students 
who were afterwards to begin a systematic study of the 
Mathematical Theory of Electricity and Magnetism, with the 
help of some of the standard treatises on the subject. 

In preparing the present edition a few imperative changes 
have been made in the plates, some sections have been intro- 
duced, and a large number of simple miscellaneous problems 
have been added at the end of the last chapter. 

The reader who wishes to get a thorough knowledge of 
the properties of the Potential Function and of its appli- 
cations, is referred to the works mentioned in the list given 
below. Most of those that had then been published I con- 
sulted and used in writing these notes, and from some which 
have appeared since the body of this book was electro- 
typed I have borrowed material for problems: many other 
problems I have taken from various college and university 
examination papers. I am indebted also to my colleagues, 
Professors Trowbridge, Byerly, E, H. Hall, Osgood, Sabine, 
M. Bocher, and C. A. Adams for valuable criticisms and 
suggestions. 

The slight use which I have made of developments in terms 
of Spherical Harmonics and Bessel’s Functions is explained 
by the fact that students who use this book in Harvard Uni- 
versity study at the same time Professor Byerly’s admirable 
Treatise on Fourier’s Series, and Spherical, Cylindrical and 
Ellipsoidal Harmonies. 


iii 


y4 Faw 


iv PREFACE TO THIRD EDITION. 


In the following pages the change made in a function u 
by giving to the independent variable x the arbitrary incre- 
ment Aw, and keeping the other independent variables, if 
there are any, unchanged, is denoted by A,w. Similarly, 
Aju and A,w represent the increments of wu due to changes 
respectively in y alone and inz alone. The total change in 
u due to simultaneous changes in all the independent variables 
is sometimes denoted by Aw; so that, if u=/(a, y, 2), 


A,u 
Aa 


Ayu 
Az 


Au= Ae ee -Az+e, 
Ay 
where ¢ is an infinitesimal of an order higher than the first. 
The partial derivatives, ae Ge oe are denoted, for conven- 
xe Oy Oz 

ience, by D,u, Du, and D,u, and the sign = placed between 
a variable and a constant is used to show that the former is 
to be made to approach the latter as its limit. In those cases 
where it is desirable to draw attention to the fact that a cer- 
tain derivative is total, the differential notation a is used. 

It is tacitly assumed that the physical quantities under con- 
sideration can be represented in the regions to which the 
theorems refer, by continuous point functions, having con- 
tinuous derivatives of the orders which present themselves in 
the investigation in hand. In a few instances, as the reader 
will see, a theorem is predicated of analytic functions only, 
when so narrow a limitation is not required by the proof 
given. 
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CHAPTER I. 


THE ATTRACTION OF GRAVITATION. 


1. The Law of Gravitation. Every body in the universe 
attracts every other body with a force which depends for mag- 
nitude and direction upon the masses of the two bodies and 
upon their relative positions. 

An approximate value of the attraction between any two rigid 
bodies may be obtained by imagining the bodies to be divided 
into small particles, and assuming that every particle of the one 
body attracts every particle of the other with a force directly 
proportional to the product of the masses of the two particles, 
and inversely proportional to the square of the distance between 
their centres or other corresponding points. The true value of 
the attraction is the limit approached by this approximate value 
as the particles into which the bodies are supposed to be divided 
are made smaller and smaller. 


2. The Attraction at a Point. By ‘‘the attraction at any 
point P in space, due to one or more attracting masses,” is 
meant the limit which would be approached by the value of the 
attraction on a sphere of unit mass centred at P if the radius of 
the sphere were made continually smaller and smaller while its 
mass remained unchanged. The attraction at P is, then, the 
attraction on a unit mass supposed to be concentrated at P. 


2 THE ATTRACTION OF GRAVITATION. 


If the attraction at every point throughout a certain region 
has a value other than zero, the region is called ‘‘a field of 
force” ; and the attraction at any point P in the region is called 
‘‘the strength of the field” at that point. 


3. The Unit of Force. It will presently appear that all spheres 
made of homogeneous material attract bodies outside of them- 
selves as if the masses of the spheres were concentrated at their 
middle points. If, then, & be the force of attraction between 
two unit masses concentrated at points at the unit distance 
apart, the attraction at a point P due to a homogeneous sphere 


3 
sue 5 where r is the dis- 


of radius a and of density p is k- 


tance of P from the centre of the sphere. In all that follows, 
however, we shall take as our wnit of force the force of attrac- 
tion * between two unit masses concentrated at points at the 
unit distance apart. Using these units, & in the expression 
given above becomes 1, and the attraction between two particles 
MMe 
vy? 


of mass m, and m, concentrated at points 7 units apart is 


4. Attraction due to Discrete Particles. The attraction at 
a point P, due to particles concentrated at different points in 
the same plane with P, may be expressed 
Y in terms of two components at right 

angles to each other. 
NOH He ssocener fu Let the straight lines joining P with 
: the different particles be denoted by 7, _ 
2, Ts, +++, and the angles which these 
lines make with some fixed line Pa, 
Fre. 1. by a4, ag, as, ---. If, then, the masses 


qresenn-- 


* These are called ‘‘ attraction units of force.’? When the attraction 
between two bodies is given in terms of absolute kinetic force units in any 
system, the corresponding value of & is sometimes called the ‘‘ constant of 
gravitation.’’ One dyne is equivalent to about 1.543 X 107 ¢.¢.s. attrac- 
tion units and one poundal to about 9.63 x 108 f.p.s. attraction units. 
For simple illustrative problems the reader may consult the Miscella- 
neous Examples at the end of the book. 
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of the several particles are respectively m,, mg, ms, «++, the 
components of the attraction at P are 


M, COSa, , Mz COS 
Xp EE = Y MEO [1] 
Ty Ts iad 
in the direction Px, and 
Mm, Sina, , M,sin i 
Fe et =) ay eee [2] 
ry Ts 7 


in the direction Py, perpendicular to Pa. 


The resultant force at P is 
R=VX*+Y?, [3] 
and its line of action makes with Px the angle whose tangent 
is —- 


If the particles do not all lie in the same plane with P, we 
may draw through P three mutually perpendicular axes, and call 
the angles which the lines joining P with the different particles 
make with the first axis a,, ag, a3 ++»; with the second axis, 
Bi, Bo, Bs) +++; and with the third axis, y, ye, ys, -*-- The three 
components in the directions of these axes of the attraction at 
P due to all the particles are then 


X=) Be, y=) Bene, Za=y MOsy, [4] 
r r Td 
The resultant attraction is 
i xX? + Y*+Z?, . [5] 


and its line of action makes with the axes angles whose cosines 


are respectively 
x &, and =. [6] 


5. Attraction at a Point in the Produced Axis of a Straight 
Wire. Let » be the mass of the unit of length of a uniform 
straight wire AB of length /, and of cross section so small that 
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we may suppose the mass of the wire concentrated in its axis 
(see Fig. 2), and let P be a point in the line AB produced at a 


gee! 
rn as lst SS 
M 
Fic. 2. 


distance a from A. Divide the wire into elements of length 
Aw. The attraction at P due to one of these elements, W, whose 


. é : : A 
nearest point is at a distance # from P, is less than Od and 


Aa 
eater than us 
Br (a + Aa)? 
The attraction at P due to the whole wire lies between 
pAw® ond Eee ; but these quantities approach the 
a? (@ + Aw)? 


same limit as Ax is made to approach zero, so that the attrac- 
uon at P is 


limit o> = f — fl peate beh [7] 
Axr= a Soe 


If the codrdinates of P, A, and B are respectively (a, 0, 0), 
(2, 0,0), and (a, +7, 0,0), this result may be put into the form 


1 1 
se eee | [8] 


6. Attraction at any Point, due to a Straight Wire. Let P 
(Fig. 3) be any point in the perpendicular drawn to the straight 
wire AB at A, and let PA=c, AB=1, AM=z, and the angle 
ABP=5. Let MN be one of the equal elements of mass (uAz) 
into which the wire is divided, and call PM, 7. The attraction 


at P due to this element is approximately equal to pa. ana 
Po 


acts in some direction lying between PM and PN. This attrac- 
tion can be resolved into two components whose approximate 


ent in the direction PA, and (Cemoy 2a in the 
2 


values are 
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direction PL. The true values of the components in these 
directions of the attraction at P, due to the whole wire, are, 
then, respectively : 


+ pede p x pe 
“@Fal- ol Vepalqe a 
and 
* pow dat ee : 
0 (f+ 23 — seralafo De —sind). [10] 


The resultant attraction is equal to the square root of the sum 
of the squares of these components, or 


R=" V2 —sind = =! V9 — cos APB) =~" sing APB, te) 


and its line of action makes with PA an angle whose tangent is 


1—sind  1—cosAPB 2sin?4 APB 
1—sin§ _1—cos APB _ — tan} APB. 
cos 8 sin APB. 28int APB-cost} APB.” 


That is, the resultant attraction at P acts in the direction of 
the bisector of the angle APB. 

From these results we can easily obtain the value of the 
attraction at any point P, due to a uniform straight wire B'B 
(Fig. 4). Drop a perpendicular PA from P upon the axis of 
the wire. Let AB=1, AB'=l', PA=c, ABP=5, AB'P=35', 
BPB'=6. The component in the direction PA of the attrac. 
tion at P is [9] 


. (cos6 + cos8'), 


6 THE ATTRACTION OF GRAVITATION. 


and that in the direction PZ is 


Edn Susu) See 
; (sin 6 sin 6) = p & #5) 


so that the resultant attraction is 


2 2 
=! V2[T F cos +9) ]=— oss (S45) =—singd. [12 


The line of action PA of R makes with PA an angle ¢ such 
that 


oN ye PE 
t __ sin d!—sind_ ,,,1(s'_): 
ae cosé + cosd! ane »)3 [33] 


Kae ; —44(-8)= - —4(8+8), 
and 


BPK =5-o= $ (8-3) = 7-40-49). 


It is to be noticed that Pir bisects the angle 0, and does not 
in general pass through the centre of gravity or any other fixed 
point of the wire. Indeed, the path of a particle moving from 
rest under the attraction of a straight wire is generally curved ; 
for if the particle should start at a point Q and move a short 
distance on the bisector of the angle BQB' to Q', the attraction 
of the wire would now urge the particle in the direction of the 
bisector of the angle BQ'B', and this is usually not coincident 
with the bisector of BQD'. 
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If qis the area of the cross section of the wire, and p the 
mass of the unit volume of the substance of which the wire is 
made, we may substitute for » in the formulas of this section 
its value gp. 

If instead of a very thin wire we had a body in the shape of 
a prism or cylinder of considerable cross section, we might 
divide this up into a large number of slender prisms and use the 
equations just obtained to find the limit of the sum of the attrac- 
tions at any point due to all these elementary prisms. This 
would be the attraction due to the given body. 


7. Attraction at a Point in the Produced Axis of a Cylinder 
of Revolution. In order to find the attraction due to a homo- 
geneous cylinder of revolution at any point P (Fig. 5) in the 
axis of the cylinder produced, it will be convenient to imagine 
the cylinder cut up into discs of constant thickness Ac, by 
means of planes perpendicular to the axis. 

Let p be the mass of the unit of volume of the cylinder, and 
a the radius of its base. Consider a disc whose nearer face is 
at a distance ¢ from P, and divide it into elements by means of 


radial planes drawn at angular intervals of A@ and concentric 
cylindrical surfaces at radial intervals of Ar. 

The mass of any element M whose inner radius is 7 is equal 
to pAc- Aé[rAr + 4(Ar)*], and the whole attraction at P due to 
Adac[rar+ $(Ar)"] 

e+r 
with some point of M. The component of this attraction in 
the direction PC is found by multiplying the expression just 


in a line joining P? 


M is approximately p 
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given by __° __, the cosine of the angle CPS, so that the 
Ve+? 

attraction at P in the direction PC, due to the whole dise, is 

approximately 


Ae-tim) eeAOlnir EBA] — a0 (as *_perdr_ 
(P+r)i. 0 0 (ce? +7")? 


=2xpaq 1-—2— | [14] 
Ve+ oP 


If the bases of the cylinder are at distances ¢ and q@+h 
from P, the true value of the attraction at P in the direction 
PC, due to the cylinder QQ’, is 


limit : ; Cc Coth c 
gee : 2mp Ac & =? (Gane 
Ac=0 VEL Cy V+ a? 


= 2mp[h +VoF +a? —V (eq +h) + a?}. [15] 


This is evidently the whole attraction at P due to the eylin- 
der, for considerations of symmetry show us that the resultant 
attraction at P has no component perpendicular to PC. 

[14] gives the attraction due to the elementary disc ABA'B', 
on the assumption that the whole matter of the disc is concen- 
trated at the face ABC. The actual attraction at P due to 
this disc may be found by putting ec =c¢ and h= Ac in [15]. 

If a, the radius of the cylinder, is very large compared with 
h and ¢, the expression [15] for the attraction at P due to the 
cylinder approaches the value 2zph. 


8. Attraction at the Vertex of a Cone. The attraction due to 
a homogeneous cone of revolution, at a point at the vertex of 
the cone, may be found by the aid of [14]. 

If Fig. 6 represents a plane section of the cone taken through 
the axis, and if PM=c, MM'= Ac, and MB = 7, the attraction 
at P due to the disc ABCD is approximately 


2p del 1 eae = 2mpAc (_— COS a) 
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and the attraction due to the whole cone is 


ano 2% (1— cosa) Ac = 2mp(1 — cosa) Aye 
= 2zp(1 — cosa) - PL. [165 


The attraction at P due to the frustum ABN is found by 
subtracting the value of the attraction due to the cone ABP 
from the expression given in [16]. The result is 


2mp(1 — cosa) (PL — PM) = 27p(1 — cosa) ML, nua 


and it is easy to see from this that discs of equal thickness cut 
out of a cone of revolution at different distances from the vertex 
by planes perpendicular to the axis exert equal attractions at 
the vertex of the cone. 


eee 
3 Sle 
" N 


Fic. 6. 
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It follows almost directly that the portions cut out of two 
concentric spherical shells of equal uniform density and equal 
thickness, by any conical surface having its vertex at the 
common centre P of the shells, exert equal attraction at this 
centre; but we may prove this proposition otherwise, as fol- 
lows: 

Divide the inner surface of the portion ent out of one of the 
shells by the given cone into elements, and make the perimeter 
of each of these surface elements the directrix of a conical 
surface having its vertex at P. Divide the given shells into 
elementary shells of thickness Ar by means of concentric spheri- 
cal surfaces drawn about P. In this way the attracting masses 
will be cut up into volume elements. 

Let ML' (Fig. 7) represent one of these elements, whose 
inner surface has a radius equal to7; then, if the elementary 
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cone APB intercept an element of area Aw from a spherical sur- 
face of radius unity drawn around P, the area of the surface 
element at MM' is r?Aw, and that at LL' is (7 +Ar)’?Ao. The 


Fic. 7. 


attraction at P in the direction PM, due to the element ML’, is 


approximately Pan 
T° Aw Ar 


Tad 
and the component of this in any direction Px, making an 


angle a with P.M, is approximately pAwAr cosa. The attraction 
_ at P in the direction Px, due to the whole shell EDFG, is, 


then 
PG — lim )p Ar Aw cosa, 


= pAwAr, 


where the sum is to include all the volume elements which go to 
make up the shell. If PF=, PG=7r, PFr=%', PG! =r, 
and weer G =i Gg". 


xX = { bar {cos adw = pu { cos adw. 
To 


The attraction at P in the same direction, due to the shell 
E'D'F'G", is 


AD AG ar { cosade = pu.f cos adw. 


But the limits of integration with regard to » are the same in 
both cases; .*. X = X', which was to be proved. 

If the shells are of different thicknesses, it is evident that 
they will exert attractions at P proportional to these thick- 
nesses. 
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The area of the portion which a conical surface cuts out of a 
spherical surface of unit radius drawn about the vertex of the 
cone is called ‘‘ the solid angle” of the conical surface. 


9. Attraction of a Spherical Shell. In order to find the 
attraction at P, any point in space, due to a homogeneous 
spherical shell of radii 7) and 7, it will be best to begin by 
dividing up the shell into a large number of concentric shells 
of thickness Av, and to consider first the attraction of one of 
these thin shells, whose inside radius shall be +. 

Let p be the density of the given shell, that is, the mass of 
the unit of volume of the material of which the shell is com- 
posed. Join P (Fig. 8) with O by a straight line cutting the 
inner surface of the thin shell at NV, and pass a plane through 
PO cutting this inner surface in a great circle NZSL', which 


will serve as a prime meridian. Using W as a pole, describe 
upon the inner surface of the thin shell a number of parallels of 
latitude so as to cut off equal arcs on NLSL'. Denote by Aé 
the angle which each one of these arcs subtends at O. Through 
PO pass a number of planes so as to cut up each parallel of 
latitude into equal ares. Denote by A¢d the angle between any 
two contiguous planes of this series. By this means the inner 
surface of the elementary shell will be divided into small quad- 
rilaterals, each of which will have two sides formed of meridian 
ares, of length 7-A9, and two sides formed of arcs of parallels 
of latitude, of length rsin@-A¢ and rsin(6 + A@)-A¢, where 
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6 is the angle which the radius drawn to the parallel of higher 
latitude makes with ON. The area of one of these quadri- 
laterals is approximately 7’sin@-A6-A¢, and the thickness of 
the shell is Ar, so that the element of volume is approxi- 
mately 7’sind-Ar-Ad-Ad. Let PM = y, then the attrac- 
tion at P, due to an element of mass which has a corner at 
pr sin Ar AG Ad 
y? 
This force may be resolved into three components: one in the 
direction PO, the others in directions perpendicular to PO 
and to each other; but it is evident from considerations of 
symmetry that in finding the attraction at P due to the whole 
shell we shall need only that component which acts in PO. This 


nD eee i " ot G 
pr’ sin 0- Ar AO A¢d- cos — or, if PO =e, 


M, is approximately , in the direction PM. 


is approximately 


y 
sin6(c —rcos@)ArAGA 
sun ics) aa 


The attraction at P due to the whole elementary shell is, then, 
approximately (truly on the assumption that the whole mass of 
the shell is concentrated at its inner surface), 


arf fer sin 6 (¢ 3 cos 6) déd¢ Sa INP IX & [19] 


and the true value at P of the attraction due to the given shell is 


TY 
f obi. [20] 
Un) 


If in the expression for X we substitute for 6 its value in 
terms of 7, we have, since 


y=P+r—2creosd, 


and hence 2ydy=2crsnéd), 


aa ° 2a "1 pr dy 5 9 9 Ter Ww C <= 7 
x ={ d ir RES oa 2 BN Oe al 
9 2 Yo aay ye ¢ Y y fa a 


__ =pr Ce =i 
Se |e | 2 
ce [ Y) Yo [ J 
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In order to find the limits of the integration with regard to y, 
we must distinguish between two cases : 


I. If P is a point in the cavity enclosed by the given shell, 
Y=r—e and y=r+ce; 


X= la aia wh neg ie a utes ty ml Uses oa = 0,22 


r+ce T—C 


and lp a0; [23] 
To 


so that a homogeneous spherical shell exerts no attraction at 
points in the cavity which it encloses. 


II. If P is a point without the given shell, 
Y=e—r and y=c+r; 
us Sale —@4+(c+r)? P—?+(c— ov le) [24] 
c 


e CT C= i 


and "Xdr = —P re —T)). [25] 
To 3, (5 

From this it follows that the attraction due to a spherical 
shell of uniform density is the same, at a point without the shell, 
as the attraction due to a mass equal to that of the shell con- 
centrated at the shell’s centre. 

If in [25] we make 7 = 0, we have the attraction, due to a 
solid sphere of radius 7, and density p, at a point outside the 
sphere at a distance c from the centre. This is 

4 pr)? 
Sarge [26] 

10. Attraction due to a Hemisphere. At any point P in the 
plane of the base of a homogeneous hemisphere, the attraction 
of the hemisphere gives rise to two components, one directed 
toward the centre of the base, the other perpendicular to the 
plane of the base. We will compute the values of these com- 
ponents for the particular case where P lies on the rim of the 
hemisphere’s base, and for this purpose we will take the origin 
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of our system of polar codrdinates at P, because by so doing 
we shall escape having to deal with a quantity which becomes 
infinite at one of the limits of integration. Denote the codrdi- 
nates of any point L in the hemisphere by 7, 6, ¢, where (Fig. 9) 
XPN=¢, IPL=6, and PL=r. 


Fie. 9. 


If 7, be the radius of the hemisphere, 


| PT = PN cos NPT = PX cos XPN- cos NPT = 217, sin6 cos $. 


cos XPL = Ti sind cos ¢. 
PL Dp r 
cos SPL = t= aD ee sng ® — singsing. 


The mass of a polar element of volume whose corner is at 
JL is approximately p-ILAd¢-PLA6-Ar or pr’sindArAdAd, 
and this divided by 7’ is the attraction at P in the direction PZ 
of the element, supposed concentrated at Z. The components 
of this attraction in the direction PX and PY are respectively 
psin@ArAGAdcos XPL and psiné Ar Ad Ad cosSPL. 

The component in the direction Py of the attraction at P due 
to the whole hemisphere is, then, 


7 us 27, sin 6 cos 
df 2d {a0 f psin’é sin¢dr = 4 pr, [27] 
( 
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and the component in the direction Pz is 
wr »2 7, sin 6 cos 
i 2 dg fi do ,P sin’@cos pdr = 2 rpr. [28] 


This last expression might have been obtained from [26] by 
making ¢ equal to 7 and halving the result. 


11. Attraction of a Hemispherical Hill. If at a point on the 
earth at the southern extremity of a homogeneous hemispheri- 
cal hill of density p and radius 7, the force of gravity due to the 
earth, supposed spherical, is g, the attraction due to the earth 
and the hill will give rise to two components, g — $p7, down- 
wards, and $zpr, northwards. The resultant attraction does 
not therefore act in the direction of the centre of the earth, but 


makes with this direction an angle whose tangent is aime’ 
9— $er 


Fic, 10. 


Let ¢ (Fig. 10) be the true latitude of the place and (¢ —a) 
the apparent latitude, as obtained by measuring the angle which 
the plumb-line at the place makes with the plane of the equator. 
Let a be the radius of the earth and o its average density. Then 


2rpr, Tpry 9Q) 
tan a = 4 ——_ = —: [29 | 
g—#pr 2(ra0— pr) 
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The radius of the earth is very large compared with the 
radius of the hill, and a is a small angle, so that approximately 


a =P". and the apparent latitude of the place is ¢ — 2". 
2 ac 2 ao 
If ¢, is the true latitude of a place just north of the same hill, 
its apparent latitude will be ¢, + oa and the apparent differ- 
ac 


ence of latitude between the two places, one just north of the 
hill and the other just south of it, will be the true difference 


plus Pf" If there were a hemispherical cavity between the two 
ao 


places instead of a hemispherical hill, the apparerit difference of 
latitude would be less than the true difference. 


12. Ellipsoidal Homeoids. A shell, thick or thin, bounded 
by two ellipsoidal surfaces, concentric, similar, and similarly 
placed, shall be called an ellipsoidal homeoid. 

It is a property 
of every such 
shell that if any 
straight line cut 
its outer surface 
at the points S, S' 
(Fig. 11) and its 
inner surface at 
Q, Q', so that these 
four points le in 
the order SQQ'S', 
the length S@ will 

Fie. 11. be equal to the 
length Q'S'.* 
We will prove that the attraction of a homogeneous closed 


* The section of the homceoid made by a plane which passes through 
the centre and the secant line, is bounded by two concentric, similar, and 
similarly placed ellipses. This figure may be regarded as an orthogonal 
projection of two concentric circles cut by a straight line. 
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ellipsoidal homeoid, at any point P in the cavity which it shuts 
in, is zero. 

Make P the vertex of a slender conical surface of two 
nappes, 4 and B, and suppose the plane of the paper to be 
so chosen that PQ is the shortest and PM the longest length 
cut from any element of the nappe A by the inner surface of 
the homeoid. Draw about P spherical surfaces of radii PQ, 
PM, PS, and PO, and imagine the space between the inner- 
most and outermost of these surfaces filled with matter of the 
same density as the hommoid. The nappe A cuts out a portion 
from this spherical shell whose trace on the plane of the 
paper is QLOT. Let us call this, for short, ‘‘ the element 
QLOT.” The attraction at P, due to the element QMOS which 
A cuts out of the homeceoid, is less than the attraction at the 
same point due to the element QLOT, and greater than that 
due to the element whose trace is KMNS. But the attraction 
at P, due to the first of these elements of spherical shells, is to 
the attraction due to the other as the thickness of the first shell 
is to that of the other, or as QT is to KS. (See Section 8.) 
The limit of the ratio of QT to KS, as the solid angle of the 
cone is made smaller and smaller, is unity; therefore the limit 
of the ratio of the attraction at P due to the element QMOS, to 
the attraction due to the element of spherical shell whose trace 
is QLNS, is unity. By a similar construction it is easy to show 
that the limit of the ratio of the attraction at P, due to the 
element which B cuts out of the homeoid, to the attraction due 
to the portion of spherical shell whose trace is Q'Z'N'S', is 
unity. 

But the attractions at P, due to the elements Q'L'N'S' and 
QLNS, are equal in amount (since their thicknesses are the 
same) and opposite in direction, so that if for the elements of 
the homceoid these elements were substituted, there would be no 
resultant attraction at P. In order to get the attraction at P 
in any direction due to the whole hommoid we may cut up the 
inner surface of the homceoid into elements, use the perimeter 
of each one of these elements as the directrix of a conical sur- 


18 THE ATTRACTION OF GRAVITATION. 


face having its vertex at P, and find the limit of the sum of the 
attractions due to the elements which these conical surfaces cut 
from the homeeoid. Wherever we have to find the finite limit of 
the sum of a series of infinitesimal quantities, we may without 
error substitute for any one of these another infinitesimal, the 
limit of whose ratio to the first is unity. For the attractions at P 
due to the elements of the homceoid we may, therefore, substi- 
tute attractions due to elements of spherical shells, which, as we 
have seen, destroy each other in pairs. Hence our proposition. 

A shell bounded by two concentric spherical surfaces gives a 
special case under this theorem. 


13. Sphere of Variable Density. The density of a homo- 
geneous body is the amount of matter contained in the unit 
volume of the material of which the body is composed, and this 
may be obtained by dividing the mass of the body by its volume. 

If the amount of matter contained in a given volume is not 
the same throughout a body, the body is called heterogeneous, 
and its density is said to be variable. 

The average density of a heterogeneous body is the ratio of 
the mass of the body to its volume. The actual density p at 
any point @ inside the body is defined to be the limit of the 
ratio of the mass of a small portion of the body taken about Q 
to the volume of this portion as the latter is made smaller and 
smaller. 

The attraction, at any point P, due to a spherical shell whose 
density is the same at all points equidistant from the common 
centre of the spherical surfaces which bound the shell but dif- 
ferent at different distances from this centre, may be obtained 
with the help of some of the equations in Article 9. 

Since p is independent of 6 and ¢, it may be taken out from 
under the signs of integration with regard to these variables, 
although it must be left under the sign of integration with re- 
gard to r. 

Equations 19 to 24 inclusive hold for the case that we 
are now considering as well as for the case when p is constant, 
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so that the attraction at all points within the cavity enclosed by 
a spherical shell whose density varies with the distance from the 
centre is zero. 

If P is without the shell, the attraction is 


1 a Hs 
{Xar = eae 
T Cn c 
Ot, p(T); 
4a (7° 
ey S(r)- 7dr. [30] 


The mass of the shell is evidently 
limit ye A} 2 ‘ 
a ot wr? f(r)dr= de f fr)-1dr, [31] 


and [30] declares that a spherical shell whose density is a 
function of the distance from its centre attracts at all outside 
points as if the whole mass of the shell were concentrated at the 
centre. 

If %=0, we have the case of a solid sphere. 


14. Attraction due to any Mass. In order to find the attrac- 
tion at a point P (Fig. 12), due to any attracting masses M', we 
may choose a system of rectangular codrdinate axes and divide 


Fig. 12. 


M' up into volume elements. If p is the average density of one 
of these elements (Av'), the mass of the element will be pAv’. 
Let Q, whose codrdinates are a’, y', z', be a point of the ele- 
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ment, and let the codrdinates of P be «, y, z. The attraction 
at P in the direction PQ due to this element’ is approximately 


Av! : 
PG" and the components of this in the direction of the coérdi- 


nate axes are 
pAv! 
PQ 
where a’, 8’, y' are the angles which PQ makes with the positive 


directions of the axes. 
It is easy to see that 


! ! 
5608 a', par cos B', and ou cos y', [32] 
PQ 


and, similarly, that 
See 


PQ 


= 
cos B' = ue and cosy! = 
Moreover, 
PQ = PL + LS’ +8Q Q =(#— 2)? +(y! —y)’?+ (2'— 2)’, 
and this we will call 7°. 
The true values of the components in the direction of the 


coordinate axes of the attraction at P, due to all the elements 
which go to make up M’, are, then, 


= oe => pe) 


= ee 
“eotespmttt [33, ] ¥ 
Y= Jimit yee») 


Av! =0 


_ p(y'— y) da'dy'de! : 
SSS aes 2 


Z — limit pAv!(z'—z 
~ Av! =0 7 


pGmz)daldyldd 
“SSS 24 (y!— y)*?+ (2! —z)?]8” [330] 
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where pis the density at the point (a/, y', 2’), and where the 
integrations with regard to a, y', and 2! are to include the whole 
of M'. 

The resultant attraction at P, due to M’, is 


RaVX*EYLD,; [34] 
and its line of action makes with the codrdinate axes angles 
whose cosines are 
ares 
Pie awed 

The component of the attraction at the point (a, y, z) in a 
direction making an angle « with the line of action of R is 
Reose. If the direction cosines of this direction are X', p', v/, 
we have 


Z 
Cay ——- 35 
and yv R [ ] 


cose = AN + py!+ wl. 


15. The quantities X, Y, Z, and R, which occur in the last 
section, are in general functions of the codrdinates x, y, and z of 
the point P. Let us consider X, whose value is given in [33,]. 
el —% 


If P lies without the attracting mass M', the quantity = 

7 
is finite for all the elements into which M' is divided. Let L 
be the largest value which it can have for any one of these 


elements, then X is less than Lf f fp da'dy'dz', or L-M"', and 


this is finite. If P is a point within the space which the attract- 
ing mass occupies, it is easy to show that, whatever physical 
meaning we may attach to X, it has a finite value. To prove 
this, make P the origin of a system of polar codrdinates, and 
divide M' up into elements like those used in Section 10. It 
will then be clear that 


X= ff fpsin?cosparaoag, [36] 


where the limits are to be chosen so as to include all the at- 
tracting mass. Since sin’@cos¢ can never be greater than 


j 
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unity, X'is less than SS fe drdéd¢, which is evidently finite 


when p is finite, as it always is in fact. 
The corresponding expressions, 


vo if i f osin26 sin $drdod¢, [37] 
and Z ={-{Lo sin 6 cosédrdéd¢, [38] 


can be proved finite in a similar manner; and it follows that 
X, Y, Z, and consequently &, are finite for all values of a, y, 
and z. 

As a special case, the attraction at a point P within the mass 
of a homogeneous spherical shell, of radii 7) and 7,, and of den- 


sity p, is 
4xp ls ea ; [39] 
7 

where 7 is the distance of P from the centre of the shell. 


16. Attraction between Two Straight Wires. Let AX and 
Bk' (Fig. 13) be two straight wires of lengths / and l’ and of 
line-densities ~ and pw’; and let KAB=c. Divide AK into 


Ree OV s Cts x Bea de Si 
MM’ 
Fie. 18. 


elements of length Aw, and consider one of these MM"', such 
that AM=«. The attraction of BXA' on a unit mass concen- 
1 
trated at M would be (Sections 2 and 5 
( )» ie eae Ta ibe 
therefore, the whole element MM' whose mass is »Ax were con- 
centrated at M, the attraction on it, due to BA', would be 


ima 1 1 
(Alene = 'Aa a . 
ca abe. A se ha es [40] 
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The actual force, due to the attraction of BK', with which the 
whole wire AX is urged toward the right, is 


limit es 1 1 
3 PANG PW ee a Sh 
ern es qEe ase 


leer eee ie 


—l—l—c | (2+ c) (l'+c) 
== pia!) Jog el log MOO, ay 
mn Sea |, ee Sarg ae ara [41] 


17. Attraction between Two Spheres. Consider two homo- 
geneous spheres of masses M@ and M'(Fig. 14), whose centres 
C and C' are at a distance c from each other. Divide the sphere 
M' into elements in the manner described in Section 9. The 
attraction due to M at any point P’ outside of this sphere is, as 


we have seen, oer and its line of action is in the direction 
10 CP! 
PIC: 


Fie. 14. 


Let P’=(r, 6,¢) be any point in the sphere M"', and let 
CP'=y. The attraction of M in the direction P’C on an 
element of mass p7’sin@dArA6A¢ supposed concentrated at P' is 
Mp7’ sin6 Ar Ad Ad 


2 


, and the component of this parallel to the 
4 


line C'C is Mpr are O) Ar Ad Ad, The force with 
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which the whole sphere M' is urged toward the right by the 
attraction of M is, then, 


| [42] 


where the integration is to be extended to all the elements 


which go to make up M@'. It is proved in Section 9 that the 
t 


value of this triple integral is cus , so that the force of attraction 


(oa 


U 
between the two spheres is 


18. Attraction between any Two Rigid Bodies. In order to 
find the force with which a rigid body is pulled in any direc- 
tion (as for instance in that of the axis of w) by the attraction 
of another body M', we must in general find the value of a 
sextuple integral. 

Let M be divided up into small portions, and let Am be the 
mass of one of these elements which contains the point (a, y, 2) 

The component in the direction of the axis of @ of the attrac 
tion at (a, y, z) due to M' is 


riba p(x'— x) da'dy'dz' 
[G=2 Fo -— 7) Ce) i 


and this would be the actual attraction in this direction on a 
unit mass supposed concentrated at (#, y, z). If the mass Am 
were concentrated at this point, the attraction on it in the dirsc- 
tion of the axis of x would be 


a p(x'— x) da'dy'dz! ; 
SSS; (a! — x)? (y’— yyr+ (2! — z)?]8 [43] 


The actual attraction in the direction of the axis of 2 of M' 
upon the whole of / is, then, 


limit : ote x)dx'dy'dz' . 
TN re 0am se (a! — a)? C= y)e+ eE= 2)? ]8 [44] 
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If p' is the density at the point (a, y, z), and if the elements 
into which M is divided are rectangular parallelopipeds of di- 
mensions Aw, Ay, and Az, the expression just given may be 


written 
HE EE p'p(a! — x) dady dzda'dy'dz'. [45] 
[(a!—2)?+ (y'— 9)? + (2! —2)7 8 
where the integrations are first to be extended over M’ and 
then over M. 


EXAMPLES. 


1. Find the resultant attraction, at the origin of a system of 
rectangular codrdinates, due to masses of 12, 16, and 20 units 
respectively, concentrated at the points (8, 4), (—5, 12), and 
(8, —6). What is its line of action ? 

2. Find the value, at the origin of a system of rectangular 
coordinates, of the attraction due to three equal spheres, each of 
mass m, whose centres are at the points (a, 0, 0), (0,6,0), 
(0,0,¢). Find also the direction-cosines of the line of action 
of this resultant attraction. 

3. Show that the attraction, due to a uniform wire bent into 
the form of the arc of a circumference, is the same at the centre 
of the circumference as the attraction due to any uniform 
straight wire of the same density which is tangent to the given 
wire, and is terminated by the bounding radii (when produced) 
of the given wire. 

4. Show that in the case of an oblique cone whose base is 
any plane figure the attraction at the vertex of the cone due to 
any frustum varies, other things being equal, as the thickness 
of the frustum. 

5. Find the equation of a family of surfaces over each one of 
which the resultant force of attraction due to a uniform straight 
wire is constant. 

6. Using the foot-pound-second system of fundamental units, 
and assuming that the average density of the earth is 5.6, com- 
pare with the poundal the unit of force used in this chapter. 


26 THE ATTRACTION OF GRAVITATION. 


7. If in Fig. 2 we suppose P moved up to A, the attraction 
at P. becomes infinite according to [7], and yet Section 15 
asserts that the value, at any point inside a given mass, of the 
attraction due to this mass is always finite. Explain this. 

8. A spherical cavity whose radius is 7 is made in a uniform 
sphere of radius 27 and mass m in such a way that the centre 
of the sphere lies on the wall of the cavity. Find the attraction 
due to the resulting solid at different points on the line joining 
the centre of the sphere with the centre of the cavity. 

9. A uniform sphere of mass m is divided into halves by the 
plane AB passed through its centre C. Find the value of the 
attraction due to each of these hemispheres at P, a point on the 
perpendicular erected to AB at C, if CP=a. 

10. Considering the earth a sphere whose density varies only 
with the distance from the centre, what may we infer about the 
law of change of this density if a pendulum swing with the same 
period on the surface of the earth and at the bottom of a deep 
mine? What if the force of attraction increases with the depth 


at the rate of jth of a dyne per centimetre of descent? 
n 


11. The attraction due to a cylindrical tube of length h and 
of radii A, and &,, at a point in the axis, at a distance c) from 
the plane of the nearer end, is 


2 apl Ver + RP—Vert+ RE +V (+h)? + Re V (+h)? + RP}. 
[Stone. ] 
12. A spherical cavity of radius } is hollowed out in a sphere 
of radius a and density p, and then completely filled with 
matter, of density p. If c is the distance between the centre 
of the cavity and the centre of the sphere, the attraction due 
to the composite solid at a point in the line joining these two 
centres, at a distance d from the centre of the sphere, is 


ae pa <i B°(p9 — p) : 
Al he (d +c)? 
13. The centre of a sphere of aluminum of radius 10 and of 
density 2.5, is at the distance 100 from a sphere of the same 
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size made of gold, of density 19. Show that the attraction 
due to these spheres is nothing at a point between them, at a 
distance of about 26.6 from the centre of the aluminum sphere. 

[Stone. } 

14. Show that the attraction at the centre of a sphere of radius 
xy, from which a piece has been cut by a cone of revolution 
whose vertex is at the centre, is pr sin’a, where a is the 
half angle of the cone. 

15. Aniron sphere of radius 10 and density 7 has an eccentric 
spherical cavity of radius 6, whose centre is at a distance 3 
from the centre of the sphere. Find the attraction due to 
this solid at a point 25 units from the centre of the sphere, 
and so situated that the line joining it with this centre makes 
an angle of 45° with the line joining the centre of the sphere 
and the centre of the cavity. [Stone. ] 

16. If the piece of a spherical sheli of radii 7) and 7, inter- 
cepted by a cone of revolution whose solid angle is » and whose 
vertex is the centre of the shell, be cut out and removed, find 
the attraction of the remainder of the shell at a point P situated 
in the axis of the cone at a given distance from the centre of 
the sphere. If in the vertical shaft of a mine a pendulum be 
swung, is there any appreciable error in assuming that the only 
matter whose attraction influences the pendulum lies nearer the 
centre of the earth, supposed spherical, than the pendulum 
does ? 

17. Show that the attraction of a spherical segment is, at its 


vertex, a 
1 {2h 
2p | Neat 


where a is the radius of the sphere and h the height of the 
segment. 

18. Show that the resultant attraction of a spherical segment 
on a particle at the centre of its base is 


2ahp 2 2 < 31 
eee aa — Sap He (2a hth]. 
S(a— nyt ( 
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19. Show that the attraction at the focus of a segment of a 
paraboloid of revolution bounded by a plane perpendicular to 
the axis at a distance } from the vertex is of the form 


4 rpa log oat: ee 


20. Show that the attraction of the oblate spheroid formed 
by the revolution of the ellipse of semiaxes a, 6, and eccen- 
tricity e, is, at the pole of the spheroid, 


aap pa aie ; , 
é e 


and that the attraction due to the corresponding prolate spheroid 
is, at its pole, 
4apa(1 — e’) { 1 log hes \. 
e° 2e l—e 

21. Show that the attraction at the point (c, 0, 0), due to 
the homogeneous solid bounded by the planes ~=a, «= b, and 
by the surface generated by the revolution about the axis of a 
of the curve y= /(2), is 


amp f | tee rex SESE aL } da. 


22. Prove that the attraction of a uniform lamina in the form 
of a rectangle, at a point P in the straight line drawn through 
the centre of the lamina at right angles to its plane, is 


1 ab 
where 2a and 206 are the dimensions of the lamina and ¢ the 
distance of P from its plane. 


4. sin- 


[Answers to some of these problems and a collection of additional prob- 
lems illustrative of the text of this chapter may be found near the end of 
the book. ] 
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CHAPTER II. 


THE NEWTONIAN POTENTIAL FUNCTION IN THE CASE 
OF GRAVITATION. 


19. Definition. If we imagine an attracting body M to be 
cut up into small elements, and add together all the fractions 
formed by dividing the mass of each eiement by the distance of 
one of its points from a given point P in space, the limit of this 
sum, as the elements are made smaller and smaller, is called the 
value at P of ‘‘ the potential function due to M.” 

If we call this quantity V, we have 


limit Am 
aaa es [46] 


where Am is the mass of one of the elements and 7 its distance 
from P, and where the summation is to include all the elements 
which go to make up M. 

If we denote by p the average density of the element whose 
mass is Am, and call the codrdinates of the corner of this ele- 
ment nearest the origin «’, y', z', and those of P, #, y, z, we may 
write 

Am = pAa!Ay'Az', 


‘* pdaldy'dz " AT 
V=(S Sree 0)? + (y'— 4)? +(2'—z)7F [ 4 


where p is the density at the point (a’, y', z'), and where the 
triple integration is to include the whole of the attracting mass M. 
As the position of the point ? changes, the value of the quan- 
tity under the integral signs in [47] changes, and in general V 
is a function of the three space codrdinates, 7.e., V= f(a, 7,2). 
To avoid circumlocution, a point at which the value of the 


and 
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potential function is V, is sometimes said to be ‘‘ at potential 
V,.”’ From the definition of V it is evident that if the value at 
a point P of the potential function due to a system of masses 
M, existing alone is V,, and if the value at the same point of 
the potential function due to another system of masses M exist- 
ing alone is V2, the value at P of the potential function due to 
M, and M, existing together is V=V,+ V2. 


20. The Derivatives of the Potential Function. If P is a 
point outside the attracting mass, the quantity 


V (a= 2) + (yl —9)? + (2), 


which enters into the expression for V in [47], can never be 
zero, and the quantity under the integral signs is finite every- 
where within the limits of integration ; now, since these limits 
depend only upon the shape and position of the attracting mass 
and have nothing to do with the codrdinates of P, we may dif- 
ferentiate V with respect to either x, y, or z by differentiating 
under the integral signs. Thus: 


DV= { if fp ea 
‘ : ’ 


os p(x! — x) dx'dy'dz! 
JSS [eater @aayr 


where the limits of integration are unchanged by the differen- 
tiation. The dexter integral in this equation is (Section 14) 
the value of the component parallel to the axis of x of the 
attraction at P due to the given masses, so that we may write, 
using our old notation, 


DV Xs [49 ] 
and, similarly, Di Vasey, [50] 
UP oe WS [51] 


The resultant attraction at P is 


R=VX?+Y?+2=V (DV)? +(DVY+(@.V)%, [52] 
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and the direction-cosines of its line of action are: 


DV 


3 
COS a = R ; cos B= AF, and ponaeel 


[53] 


It is evident from the definition of the potential function that 
the value of the latter at any point is independent of the par- 
ticular system of rectangular axes chosen. If, then, we wish to 
find the component, in the direction of any line, of the attraction 
at any point P, we may choose one of our codrdinate axes 
parallel to this line, and, after computing the general value of 
V, we may differentiate the latter partially with respect to the 
codrdinate measured on the axis in question, and substitute in 
the result the codrdinates of P. 


21. Theorem. The results of the last section may be summed 
up in the words of the following 


THEOREM. 


To find the component at a point P, in any direction PK, of 
the attraction due to any attracting.mass M, we may divide the 
difference between the values of the potential function due to M at 
P' (a point between P and Ix on the straight line PK) and at P 
by the distance PP'. The limit approached by this fraction as 
P! approaches P is the component required.* 


We might have arrived at this theorem in the following way : 

If X, Y, Z are the components parallel to the codrdinate axes 
of the attraction at any point P, the component in any direction 
PK whose direction-cosines are A, p, and y, is 


AX+ pV¥+vZ=dD,V + wD, V +vD,V. [54] 


Let x, y, 2 be the codrdinates of P, and x+ Aa, y+ Ay, 
z+ Az those of P', a neighboring point on the line PK. 


* If the force is required in absolute kinetic units, the result thus 
obtained must be multiplied by k, the proper gravitation constant. The 
reciprocal of k is equal to 1.543 x 10’ in the c.g.s. system and to 9.63 x 
108 in the f.p.s. system. 
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If V and V' are the values of the potential function at P 
and P! respectively, we have, by Taylor’s Theorem, 
ViEV PAL. DY hy? DV Aes a6 
where « is an infinitesimal of an order higher than the first. 
VW END A Az 
Bee = pp PV + pp’ eS 
but Ne he PP Ay pe ke ee 


limit (4 —V 


€ 
DAVAE DV eh Col 


therefore, PP’ =0 ep pre 


and this (see [54]) is the component in the direction PK of 
the attraction at P: which was to be proved. 


)= ADT + wD,V + vD.F, [56] 


22. The Potential Function everywhere Finite. If Pisa 
point within the attracting mass, the integrand of the expres- 
sion which gives the value of the potential function at P 
becomes infinite at P. That V is not infinite in this case is 
easily proved by making P the origin of a system of polar 
coordinates as in Section 15, when it will appear that the 
value of the potential function at P can be expressed in the 


form n= if) {i f’ or sin 6dr d6 dd; [57] 


and this is evidently finite. 

Although V, is everywhere 
finite, yet when we express its 
value by means of equation [47], 
the quantity under the integral 
signs becomes infinite within the 
limits of integration, when P is 
a point inside the attracting 
mass. Under these  circum- 

Bias stances we cannot assume with- 

out further proof that the result 

obtained by differentiating with respect to x under the in- 
tegral signs is really D,V. It is therefore desirable to com- 
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pute the limit of the ratio of the difference (A,V) between the 
values of V at the points P’=(#+ Aa, y, z) and P=(a, y, 2), 
both within the attracting mass, to the distance (Aw) between 
these points. For convenience, draw through P (Fig. 15) three 
lines parallel to the codrdinate axes, and let Q=(a/, y', z'). 


let Po=7, P'Q=7', and xX'PO= wv. 
Then 
7? = 7? + (Ax)?— 27r-Ax-cosy, 


where cos y = ) 


pee ar ppp ee a pat 
=(((GEa 7? — pda! dy' dz! 
pe Lb rr? a rr? Ax 


Sate 2r Ax cosy — (Aa) pda! dy' dz! 
py? + rr? Ag 
Therefore , 


D,V= limit Ce) 


Az=0 Aw 


=f ff pata ay at 


={(feeue cosy, [58] 


This last integral is evidently the component parallel to the 
axis of « of the attraction at P, so that the theorem of Article 
21 may be extended to points within the attracting mass. 

It is to be noticed that p is a function of a’, y', and z', but not 
a function of x, y, and z, and that we have really proved that the 
derivatives with regard to x, y, and z of 


alate Ee, y', z') da! dy' de, 
, 
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where F’ is any finite, continuous, and single-valued function of 
a, y', and z', can always be found by differentiating under the 
integral signs, whether (#, y,z) is contained within the limits of 
integration or not. 


23. The Potential Function due to a Straight Wire. Let 
» be the mass of the unit length of a uniform straight wire AB 
(Fig. 16) of length 2/. Take the middle point of the wire for 
the origin of codrdinates, and a line drawn perpendicular to the 
wire at this point for the axis of a. 


The value of the potential function at any point P(a#,27 n 
the codrdinate plane is, then, according to [47], 


+t 


42 Ly! > oo 
— pay me [tog Very y+ y!— | 


es aeons 
Jeri 


= plog } 


If r= AP=Ve'+(1—y)?, and r= BP=Ve?4+(i4+ y)’, 


(Pia) 
whence 7 = Al “,we may eliminate # and y from [59] and 
express V> in terms of r and 7’. 
Thus: 
_ eae 0 
Ve=p log ees = plog ie rls BP [60] 


Soh? ea er 


It is evident from [60] that if P move so as to keep the sum 
of its distances from the ends of the wire constant, V, will 
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remain constant. P’s locus in this case is an ellipse whose 
>foci are at A and B. 
From [59] we get 


DVn="l we a ] 
elr[r+0—»] r[r—C+n] 


aba Thad acl Dat 5 pee | 
tl — a). Fry) | 


ee P= Ua) rE ae W): 
x y! 
=“ —cosd—1 = 088] 
x 


— bf coss ae cosi!} 
x 


and this (Section 6) is the component in the direction of the 
axis of # of the attraction at P. 


24. The Potential Function due to a Spherical Shell. In 
order to find the value at the point P of the potential function 
due to a homogeneous spherical shell of density p and of radii 7, 
and 7,;, we may make use of the notation of Section 9. 


ya f ff ecsngdraas _ (6 perdnteap 
— ; rm 
=e ("t ay 
=—~— jf rdr| dy. 61 
CL Ale : [ J 


if P lies within the cavity enclosed by the shell, the limits of 
y are (r—c) and (7 +c), whence 
V= Qrp(r? —S Ty) . [62] 
If P lies without the shell, the limits of y are (e— 7) and 
(e+7), whence 


piste i 
Peso [63] 
3 c 

If P is a point within the mass of the shell itself, at a dis- 
tance c from the centre, we may divide the shell into two parts 
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by means of a spherical surface drawn concentric with the given 
shell so as to pass through P. The value of the potential func- 
tion at P is the sum of the components due to these portions of 
the shell; therefore 


V= 2Qrp(r? =r. ¢?) ae : = (Ga es ta) 


3c 
If we put these results together, we shall have the following 
table : — 


=e | no ERTS [64] 


C<1% MREC<T TM<e 


V= 2mp (r?— 0) 2ap(ni— A= An, ae (rr FS 0) 


3 BG 3¢ 
4 73 Ag 2 
D V= 0 aay 0 —_— __ =p 7? — 7° 
; 3 © ) 3 Via 
Do 3 
D2V = 0 aha un Bap (p38 7,2) 
3 (oi 8e 


If we make V, D,V, and DV the ordinates of curves whose 
abscissas are c, we get Fig. 17.* 

Here LNQS represents V, and it is to be noticed that this 
curve is everywhere finite, continuous, and continuous in direc- 
tion. The curve OABC represents D,V. This curve is every- 
where finite and continuous, but its direction changes abruptly 
when the point P enters or leaves the attracting mass. The 
three disconnected lines OA, DE, and FG represent DZV. 

If the density of the shell instead of being uniform were a 
function of the distance from the centre [p= /(7) ], we should 
have at the point P, at the distance c from the centre of the 


sphere, 9 me ‘ 
Ve al EA rede fy. [65] 
ro Yo 


* See Thomson and Tait’s Treatise on Natural Philosophy. Notice that 
AD=-—47pand that HF =47p. For values of c greater than ry, V, 
D.V, and D.2V are respectively equal to M/c, — M/c?, and 2M/c3, 
where MM is the mass of the shell. 
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From this it follows, as the reader can easily prove, that the 
value of the potential function due to a spherical shell whose 
density is a function of the distance from the centre only is 


constant throughout the cavity enclosed by the shell, and at 
all outside points is the same as if the mass of the shell were 
concentrated at its centre.* 


25. Equipotential Surfaces. As we have already seen, V is, 
in general, a function of the three space coérdinates [V = 
i (@, y, #)], and in any given case all these points at which the 
potential function has the particular value ¢ lie on the surface 
the equation of which is V = f(a, y, z)=c. 

Such a surface is called an “equipotential” or “level ” sur- 
face. By giving to cin succession different constant values, 
the equation V = ¢ yields a whole family of surfaces, and it is 
always possible to draw through any given point in a field of 
force a surface at all points of which the potential function has 
the same value. The potential function cannot have two differ- 
ent values at the same point in space, therefore no two differ- 
ent surfaces of the family V = c¢, where V is the potential func- 
tion due to an actual distribution of matter, can ever intersect. 


* Tf the outer radius of the shell be unchanged while the radius of the 
cavity approaches zero, the values of V and D.V at O approach as limits 
the corresponding values at the centre of a solid, homogeneous sphere of 
density p and radius r}. The value of D.2V, however, does not approach 
as a limit the value of D2V at the centre of such a sphere, 
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THEOREM. 

If there be any resultant force at a point in space, due to any 
attracting masses, this force acts along the normal to that equi- 
potential surface on which the point lies. 


For, let V= f(a, y, 2) = be the equation of the equipotential 
surface drawn through the point in question, and let the coérdi 
nates of this point be 2, %, %- The equation of the plane 
tangent to the surface at the point is 


; (@ Sie X) Dey V + (y — Yo) Dy, V + (2 —%)Dz,V= 0, 


and the direction-cosines of any line perpendicular to this plane, 
and hence of the normal to the given surface at the point 


(2X5 Yo &), are 


cosa = DV ; [66,] 
V (Day ayes (Dy, aves (Dz, vy 
Dio pecs lil de WD oe al a 
V (Da V+ (Dy V+ (Da VY 
and cos y Dl [66,] 


~ Val Vn)? 


But if we denote the resultant force of attraction at the point 
(2) Yoo 2) by H, and its components parallel to the codrdinate 
axes by X, Y, and Z, these cosines are evidently equal to 
xX 
Rik 
angles not only of the normal to the equipotential surface at the 
point (a%, Y%, 2), but also [35] of the line of action of the re- 
sultant force at the point. Hence our theorem. 

Fig. 18 represents a meridian section of four of the system 
of equipotential surfaces due to two equal spheres whose sec- 
tions are here shaded. The value of the potential function due 
to two spheres, each of mass M, at a point distant respectively 
r, and 7, from the centres of the spheres, is 


T) 1 


> and - respectively, so that a, 8, and y are the direction- 
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and if we give to V in this equation different constant values, 
we shall have the equations of different members of the system 
of equipotential surfaces. Any one of these surfaces may be 
easily plotted from its equation by finding corresponding values 


Fic. 18. 


of 7, and 7, which will satisfy the equation; and then, with the 
centres of the two spheres as centres and these values as radii, 
describing two spherical surfaces. The intersection of these 
surfaces, if they intersect at all, will be a line on the surface 
required. 

If 2a is the distance between the centres of the spheres, 


ee gives an equipotential surface shaped like an hour- 
a 


glass. Larger values of V than this give equipotential sur- 
faces, each one of which consists of two separate closed ovals, 
one surrounding one of the spheres, and the other the other. 


Pag Tae ee ; ; 
Values of V less than —— give single surfaces which look more 
a 


and more like ellipsoids the smaller V is. 
Several diagrams showing the forms of the equipotential 
surfaces due to different distributions of matter are given at 
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the end of the first volume of Maxwell’s Treatise on Electricity 
and Magnetism. 


26. The Value of V at Infinity. The value, at the point P, 
of the potential function due to any attracting mass M has 
been defined to be 

V = limit Am 
~ ame) Zoe 
Let 7) be the distance of the nearest point of the attracting 


mass from P, then 


Veo Am or M [67] 


To i) 
a : 
The fraction — has a constant numerator, and a denominator 


7 

which grows istger without limit the farther P is removed from 
the attracting masses; hence, we see that, other things being 
equal, the value at P of the potential function is smaller the 
farther P is from the attracting matter; and that if P be moved 
away indefinitely, the value of the potential function at P 
approaches zero as a limit. In other words, the value of the 
potential function at infinity” is zero. 

About O, any fixed point near the attracting mass, as centre, 
imagine a spherical surface, S, drawn, of fixed radius, 7, so 
large that S shall just include all the distribution. Then, if 
P is any distant point without S, andif OP =7, 


M rM rM 
ras a aera ara 


Snes limit 7 = limit 7” 

Be Pa Tee = rears 
that the limit of (r- Vz), as 7 increases without limit, is M. 
M 


(r— 7)? 


=1, Vso vanishes at infinity 


Since ona cos sin! (2) <—D.Vp < 


it is easy to see that 


. 


(°D,V) = — Mand that "™* (2D, 7) = — M cos (2, »), 


limit 
r=o 


where (a, 7) denotes the angle between the axis of x and OP. 
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27. The Potential Function as a Measure of Work. The 
amount of work required to move a unit mass, concentrated at 
a point, from one position, P,, to another, P,, by any path, in 
face of the attraction of a system of masses, M, is equal to 


a PO Ee 
Ag >’ 2 
As 2 


Fie. 19. 


V,— V., where V, and V, are the values at P, and P, of the 
potential function due to M. 

To prove this, let us divide the given path into equal parts 
of length As, and call the average force which opposes the 
motion of the unit mass on its journey along one of these 
elements AB (Fig. 19), ¥. The amount of work required to 
move the unit mass from A to B is FAs, and the whole work 
done by moving this mass from P;,to P, will be 


limit P, 
: > FAs. 
As =0 P, 


As As is made smaller and smaller, the average force opposing 
the motion along AB approaches more and more nearly the 
actual opposing force at A, which is —D,V: therefore 


limit Ps a P, = 
aay rae=— fo Dds AV Vi 


It is to be carefully noticed that the decrease in the potential 
function in moving from P, to P, measures the work required 
to move the unit mass from P, to P,. If P, is removed farther 
and farther from M, V, approaches zero, and V;— V; approaches 
V, as its limit, so that the value at any point P;, of the poten- 
tial function, due to any system of attracting masses, is equal 
to the work which would be required to move a unit mass, sup- 
posed concentrated at P,, from P, to ‘‘ infinity” by any path. 
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The work (W) that must be done in order to move an atiract- 
ing mass M' against the attraction of any other mass M, from 
a given position by any path to “infinity,” is the sum of the 
quantities of work required to move the several elements (Am) 
into which we may divide M', and this may be written in the 

“form 


oti Ns p da dy dz 
T= ane Am SS Si@ayty—y Fe oT 

pp! dx dy dz da! dy' dz! 

ie a 

[(@'— 2)? +y'— yf + @'— 2) 

W is called by some writers “the potential of the mass M' 
with reference to the mass ”; by others, the negative of W 
is called “the mutual potential energy of MZ and M'.” 

In many of the later books on this subject, the word “ po- 
tential” is never used for the value of the potential function 
at a point, but is reserved to denote the work required to move 
a mass from some present position to infinity. If V is the 
value of the potential function at a point P, at which a mass 
m is supposed to be concentrated, mV is the potential of the 
massm. If we could have a unit mass concentrated at a point, 
the potential of this mass and the value of the potential function 
at the point would be numerically identical. 

Imagine any given distribution of attracting matter which 
has the potential function V, divided into elements, of volume 
Ar,, Atg, Ars, +++, of density pi, ps, ps, -+*, and of mass Amy, 
Am, Ams,---. If the density at every point in the distri- 
bution were » times what it now is (A being any positive 
constant), the potential function would be AV, and, since the 
volume occupied by each element would be unchanged, the 
mass of the pth element would be AAm,. To change Xd to 
AX + AA, the mass of every element must be increased and 
to the pth element must be brought up the mass-increment 
Ad. Am,. If this quantity were brought up from an infinite 
distance, the attraction of the existing distribution would do 
upon it an amount of work represented by AV-AX-Am,, so 
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that the work done on the additions to the whole mass would 
be AAX- limit) VAm. The work done by the attractive 
forces while was being changed from Xd, to rA, would be 
limit) VAm afer dX. ‘To find the work done by the attrac- 


tion for one another of its own parts, while the given distri- 
bution is constructed by bringing together its particles from 
infinite dispersion, we may put A, = 0, A, = 1, and get 


aes ead PALE 
where the summation is to extend over the whole distribution. 
This quantity, the negative of which (when the matter is 
attracting) is sometimes called “the intrinsic energy” of the 
distribution, is given by the formula in attraction units of 
work. In ‘absolute kinetic work units, 


W=4k{ { f Vpdr. 


The potential function inside a homogeneous sphere of 
radius a and density p, at a distance r from the centre, being 
2 zp (a? — $r*), the intrinsic energy of the sphere is 

2 2 2 —16 2, 5 aol 

=i mp (a — $7°)4 apr'dr or 15 Tp a or Ka 

attraction units of work. If the c.g.s. system has been used 
=—3 > 
5 a (15430000) 

If V and V' are the potential functions due to two neighbor- 
ing distributions, MZ and M', if AM and AM' are mass elements 
of the two distributions, and P and P' points in AM and AM' 
respectively, the mutual potential energy of M and M' may 

a. ! 


throughout, this is equivalent to ergs. 


be found by integrating Ee. over both distributions, 
and, since the order of integration is immaterial, the result 
may be written — fi VdM! or — f V' dM. 


The intrinsic energy of M and M' considered as a single dis- 
tribution is to be found by integrating —4(V + V’') over both 
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masses. This gives — 4 ft VdM—4 f V'dM' — 4) VdM' or 


the sum of the intrinsic energies of Mand M' and the mutual 
energy of the two. 

If M and M' were made up of matter every particle of 
which repelled every other particle according to the Law of 


Nature, the intrinsic potential energy of would be + 4 f VdmM 
and the mutual potential energy of Mand M' would be 


+ [vam or + V'aM. 


28. Laplace’s Equation. We have seen that the value of 
the potential function, and the component in any direction of 
the attraction at the point P, are always finite functions of the 
space codrdinates, whether P is inside, outside, or at the sur- 
face of the attracting masses. We have seen also that by dif- 
ferentiating V at any point in any direction we may find the 
always finite component in that direction of the attraction at 
the point. It follows that D,V, D,V, D,V are everywhere 
finite, and that, in consequence of this, the potential function 
is everywhere continuous as well as finite. 

If P is a point outside of the attracting masses, the quan- 
tity under the integral signs in [48], by which dz! dy'dz' is 
multiplied, cannot be infinite within the limits of integration, 
and we can find D,?V by differentiating the expression for 
D,,V under the integral signs. 

In this case 


(Re Oe es 
Dev = ff (CAD praztay'ae, [69] 


and similarly, 


a Pies 0} 

Div = “peo (y' a See el 
833 p= V2 ee 

D2V = A f i, senator plde!dy'dz. [71] 
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Whence, for all points exterior to the attracting masses, 
DV DO Ver DAY == 0: [72] 
This is Laplace’s Equation. For the operator 
(DF + De “Te D/), 
the symbols 8, A, A,, — V?, V7, and Y? have been used by dif- 
ferent authors, and [72] may be written 


VV = 0. [73] 
The potential function, due to every conceivable distribu- 


tion of matter, must be such that at all points in empty space 
Laplace’s Equation shall be satisfied.* 


29. The Second Derivatives of the Potential Function are 
Finite at Points within the Attracting Mass. If the point P 
lies within the attracting mass, V and D,,V are finite, but the 
quantity under the integral signs in the expression for D,V 
becomes infinite within the limits of integration, and we can- 
not assume that D,?V may be found by differentiating D,V 
under the integral signs. In order to find D,’?V under these 
circumstances, it is convenient to transform the equation for 
D,V. Wet us choose our coordinate axes so as to have all the 
attracting mass in the first octant, and divide the projection of 
the contour of this mass on the plane yz into elements (dy'dz’). 
Upon each one of these elements let us erect a right prism, 
cutting the mass twice or some other even number of times. 
Consider one of the elements dy'dz' the corner of which next 
the origin has the codrdinates 0, y', and 2’. The prism erected 
on this element cuts out elements dsj, ds., dss, ds,, --- dso, from 
the surface of the attracting mass, and that edge of the prism 
which is perpendicular to the plane yz at (0, y', 2’) cuts into 
the surface at points whose distances from the plane of yz are 
4, Us) Us) ++ Aon_1, and out of the surface at points whose dis- 
tances from the same plane are dg, a4, dg, +++ da, At every one 


* If a function, continuous with its first derivatives within a region, T, 
satisfies Laplace’s Equation at every point of the region, it is sometimes 
said to be harmonic in T. 
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of these points of intersection draw a normal towards the inte- 
rior of the attracting mass, and call the angles which these 
normals make with the positive direction of the axis of x, a, 
Gg) Gg) *+* dy, It is to be noticed that aj, ag, as, +++ a,-, are all 
acute, and that as, a4, a6, «+ ao, are all obtuse. The element 
dy'dz' may be regarded as the common projection of the sur- 
face elements ds,, dsq, dss, --- ds.,, and, so far as absolute value 
is concerned, the following equations hold approximately : 


dy'dz' = ds, COS a, = dsz COS ag = AS COS ag = - - - = ASq_ COS doy 


But dy'dz', ds,, ds, dss, etc., are all positive areas, and COS ay, 
COS a4, COS ag, etc., are negative, so that, paying attention to 
signs as well as to absolute values, we have 


dy'dz' =+ ds, cos a, =— dsq COS ag =+ ds; COS agz=—ds, COS ay= ete. 


Now 


' » 

D,V= afi fi eo ee a wee =f dy'dz! ib eles) dex, 

[74] 
and in order to find the value of this expression by the use 
of the prisms just described, we are to cut each one of these 
prisms into elementary rectangular parallelopipeds by planes 
parallel to the plane of yz; we are to multiply the values of 
every one of these elements which lies within the attracting 
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a : — 
mass by the value of p'D,'( — . at its corner next the origin 


[t.e., at (a', y', z')]; and we are to find the limit of the sum 
of these as dx' is made smaller and smaller. We are then to 
compute a like expression for each of the other prisms, and 
to find the hmit of the sum of the whole as the bases of the 
prisms are made smaller and smaller and their number corre- 
spondingly increased. 
! 

Wherever the function = is a continuous function of a’, we 

' have 


tf 
yee! rt I Eee =e ' _i : 
D, ahs 7 De'P + ple eo pide ( rf 


hence, if the elementary prisms cut the surface of the attract- 
ing mass only twice, 


r= ad, 


D,V= f fay dz! | -2 a aie D,'p'dx'dy'dz'; [75] 


and, in general, | 
“s Ty To ey iby 
SIS: D,'p'da' dy! dz' [76] 


= lim (# COS a, ds; a ie ee ay 8, ee * 60s agds3 + - 


) opp D,} p'dx'dy'dz', [77] 


t 
where pe is the value of the quantity 5s at the point where the 
line y aay z=! cuts the surface of the attracting mass for 
the kth time, counting from the plane yz. 

In order to find the value of the limit of the sum which 
occurs in this expression, it is evident that we may divide the 
entire surface of the attracting mass into elements, multiply 


2H 
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at one of its 


! 
the area of each element by the value of e ae 
points, and find the limit of the sum formed by adding all 
these products together; but this is equivalent to the surface 


lf 
integral of a taken all over the outside of the attracting 


mass, so that 


t | ef 
D,V= fe cos ads + fff de'dy'dz!, [78] 


where the first integral is to be taken all over the surface of 
the attracting mass and the second throughout its volume. 
This expression for D,V is in some cases more convenient 
than that of [48]. 
We have proved this transformation to be correct, however, 
(/ 


only when fe is finite throughout the attracting mass. If P 


! 


is a point within the mass, is infinite at P. In this case 


surround P by a spherical surface of radius « small enough to 
make the whole sphere enclosed by this surface lie entirely 


SS) 
oy 


Fie. 21. 


within the attracting mass. This is possible unless P lies 
exactly upon the surface of the attracting mass. Shutting 
out the little sphere, let V, be the potential function due to 
the rest (7,) of the attracting mass; then, since P is an out- 
side point, with regard to 7, we have, by [78], 


' ! ali 
D,Vi=f* cosa-ds'+ f 2 cosads+ f f (72% da'dy'dz', [79 | 
€ Lr Ue 


where the first integral is to be extended over the spherical 
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surface, which forms a part of the boundary of the attracting 
mass to, which V, is due; the second integral is to be taken 
over all the rest of the bounding surface of the attracting 
mass; and the triple integral embraces the volume of all the 
attracting mass which gives rise to V.. 

As « is made smaller and smaller, ¥, approaches more and 
more nearly the potential function V, due to all the attract- 
ing mass. 


! 
In the integral {-& cos a ds', cosa can never be greater than 


1 nor less than — 1, so that if p! is the greatest value of p’ on 
the surface of the apne the absolute value of the integral must 


be less than — p E fas! or 4 zp'e, and the limit of this as « See 


zero is zero. The second integral in [79] is unaltered by any 
change ine. If we make FP the origin of a system of polar 
coordinates, it is evident that the triple integral in [79] may 


be written 
if; i) D,'p'-r sin 6 drd6 dd, [80] 


and the limit which this approaches as « is made smaller and 
smaller is evidently finite, for, if =0, the quantity under 
the integral sign is zero. 
Therefore, 
lin D,,.V_= D,V = fecosads + ff f=" 2P deldy'de!, [81] 
and [79] is true even when P les within the attracting mass. 
Under the same conditions we have, similarly, 


p! De! 1 

Dv=fe cos Bds + fff da'dy' dz, [82] 
! [ Beet f 

Dv=fe cos y ds +f ff-# dx'dy'de'. [83] 
Yr 


Observing that in these surface integrals 7 can never be zero, 
since we have excluded the case where P lies on the surface 
of the attracting mass, and that the triple integrals belong to 


and 
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the class mentioned in the latter part of Section 22, we will 

differentiate [81], [82], and [83] with respect to x, y, and z 

respectively, by differentiating under the integral signs. If 

the results are finite, we may consider the process allowable. 
Performing the work indicated, we have 


ee y=S'cosa-D,(+)as+f (f0{2)-Dép!-de'dyae [84] 
2 if 1 1 fA ' t ! 

De v= p cos B-D, - dst f fr, : -D,'p'-da'dy'dz' [85] 

D2 =f p'eos Y: o(2)a+ ff fv.(2).De0 dx'dy'dz',[ 86 | 


and by making FP the centre of a system of polar codrdinates 
and transforming all the triple integrals, it is easy to show 
that the values of DV, DV, D?V here found are finite, 
whether P is within or without the attracting mass, if the 
derivatives of the density are finite. This result* is important. 


30. The Derivatives of the Potential Function at the Surface 
of the Attracting Mass. Let the point P lie on the surface of 


P 


Rre., 22: 


the attracting mass, or at some other surface where p is 
discontinuous. Make P the centre of a sphere of radius ¢, 


* Lejeune Dirichlet, Vorlesungen tiber die im umgekehrten Verhdltniss 
des Quadrats der Entfernung wirkenden Kriifte. 

Riemann, Schwere, Electricitdt, und Magnetismus. 

It is to be noticed that while the integral in the second member of [48] 
represents D,V even at points within the attracting mass, the integral, J, 
obtained by differentiating this expression for D,V under the signs of 
integration represents D,?V only at outside points. Within the mass J 
is infinite, while D,?V is finite. 
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and call the piece which this sphere cuts out of the attracting 
mass 7’; and the remainder of this mass 7,. Let V,; and V, be 
the potential functions due respectively to 7, and 7,, then 


— V, ata Ve. Da Va sp ID). een 


and the increment [A(D,V)] made in D,V by moving from P 
to a neighboring point P’, inside 7, is equal to the sum of the 
corresponding increments [A(D,V;) and A(D,V,)] made in 
D,V, and D,V2. 

With reference to the space 7, P is an outside point, so 
that the values at P of the first derivatives of V, with respect 
to x, y, and 2 are continuous functions of the space coérdinates 


and Pa 9 A (PV 2) = 9. 

Let dw be the solid angle of an elementary cone whose vertex 
is at any fixed point O in 7; used as a centre of codrdinates. 
The element of mass will be p7?dwdr. The component in the 
direction of the axis of x of the attraction at O due to 7, is the 


prradwdr 
of WE See 


limit of the sum taken throughout 7; » where a 


is the cosine of the angle which the line joining O with the 
element in question makes with the axis of x. The difference 
between the limits of w is not greater than 47, and the differ- 
ence between the limits of 7 is not greater than 2«. If, then, 
« is the greatest value which pa has in 7}, 


(DV) 0 <8 tke. 

It follows from this that if P'is a point within 7, so that 
PP! <e, the change made in D,V, by going from P to P' is 
far less than 16 rxe; but this last quantity can be made as 
small as we like by making « small enough, so that 


ee 
ye 9 A( Dz Vi) = 0 


jeden 
whence 
limit limit ee 
Ee ep he) = pp. yh (Dalit pp a9 4(D."s)= 0 


and D,V varies continuously in passing through P. In a 
similar manner, it may be proved that D,V and D,V are 
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everywhere, even at places where the density is discontinuous, 
continuous functions of the space coérdinates. 

The results of the work of the last two sections are well 
illustrated by Fig. 17. We might prove, with the help of a 
transformation due to Clausius,* that the second derivatives 
of the potential function are finite at all points on the surface 
of the attracting matter where the curvature is finite, but that 
the normal second derivatives generally change their values 
abruptly whenever the point P crosses a surface at which p is 
discontinuous, as at the surface of the attracting masses. The 
fact, however, that this last is true in the special case of a 
homogeneous spherical shell suffices to show that we cannot 
expect all the second derivatives of V to have definite values 
at the boundaries of attracting bodies. 


31. Gauss’s Theorem. If any closed surface S drawn in a 
field of force be divided up into a large number of surface 


Fie. 28. 


elements, and if each one of these elements be multiplied by 
the component, in the direction of the interior normal of the 
force of attraction at a point of the element, and if these 
products be added together, the limit of the sum thus obtained 
is called the “surface integral of normal attraction over SS.” 
If any closed surface S be described so as to shut in com- 
pletely a mass m concentrated at a point, the surface integral 


* Die Potentialfunction und das Potential, §§ 19-24. 
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of normal attraction due to m, taken over S, is 42m; and, 
in general, if any closed surface S be described so as to shut 
in completely any system of attracting masses M, the surface 
integral over S of the normal attraction due to M is 47M. 
In order to prove this, divide S up into surface elements, 
and consider one of these ds at Q. The attraction at Q in 
the direction QO, due to the mass m concentrated at O, is 
m =m 
Cin 


interior normal is — cos a, and the contribution which ds yields 
r 


The component of this in the direction of the 


to the sum whose limit is the surface integral required is 


m cos ads 


3 Connect every point of the perimeter of ds with 


Z 
O by a straight line, thus forming a cone of such size as to 
cut out of a spherical surface of unit radius drawn about O 
an element dw, say. If we draw about O a sphere of radius 
r= OQ, the cone will intercept on its surface an element 
equal to 7?-dw. This element is the projection on the spher- 
ical surface of ds; hence ds cosa = r?dw, approximately, and 
the contribution of the element ds to our surface integral is 
mdw. But an elementary cone may cut the surface more than 
once; indeed, any odd number of times. Consider such a 
cone, one element of which cuts the surface thrice in S,, S,, 
and S;. Let OS,, OS,, and OS; be called 7,, 7, and 7s respec- 
tively, and let the surface elements cut out of S by the cone 
be ds,, ds, and dss, and the angles between the line S;O0 and 
the interior normals to S at S,, S,, and S; be ay, ag, as. It 
is to be noticed that when the cone cuts out of S, the 
corresponding angle is acute, and that when it cuts in, the 
corresponding angle is obtuse. a, and a; are acute, and a, 
obtuse. If we draw about O three spherical surfaces with 
radii 7, 72, and 7; respectively, the cone will cut out of these 
the elements 7,2dw, r.’dw, and r;*dw. In absolute size, 
ds, = r;2dw seCa,, ds, = 7,2dw seCae, and dsz = 71',7dw SeC as, 
approximately, but ds, and r?dw are both positive, being 
areas, and seca, is negative. Taking account of sign, then, 
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ds, = — r*dw Se ag, and the cone’s three elements yield to the 
surface integral of normal attraction the quantity 


( COSa, , ds,COSa_ , ds3COSaz 
m\{ ————— + —— +. ——— 


12 To" 2 


f ) =m dw —do-+ds)=mie 
: 

However many times the cone cuts S, it will yield mdw to 
the surface integral required: all such elementary cones will 


yield then my do =m47, if S is closed, and, in general, m®, 


where @ is the solid angle which S subtends at O. 

If, instead of a mass concentrated at a point, we have any 
distribution of masses, we may divide these into elements, 
and apply to each element the theorem just proved; hence 
our general statement. 

If from a point O without a closed surface S an elementary 
cone be drawn, the cone, if it cuts S at all, will cut it an even 
number of times. Using the notation just explained, the con- 
tribution which any such cone will yield to the surface integral 
taken over S of a mass m concentrated at O is 


2 BS ersiong yy Sear A 2 24 2 


ry Up) 13 "4 
= m(— dw + dw — dw + dw —---)=m-0=0, 
and the surface integral over any closed surface of the normal 
attraction due to any system of outside masses is zero. 


The results proved above may be put together and stated 
in the form of a 


(“ COSa, , ds,COSag , AS3COSag , ds4COS a4 “ ) 
Mm SER —_ —_—_—_—_—_—__— eee 


THEOREM DUE TO GAUSS. 


Tf there be any distribution of matter partly within and partly 
without a closed surface S, and if M be the sum of the masses 
which S encloses, and M' the sum of the masses outside S, the 
surface integral over S of the normal attraction N toward the 
interter, due to both M and M', is equal to4aM. If V be the 
potential function due to both M and M', we have 


f Meh = if D,V.ds =40M. 
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It is easy to see that if a mass M be supposed concentrated 
on any closed surface S the curvature of which is everywhere 
finite, the surface integral of normal attraction taken over S 
will be 27M; for all the elementary cones which can be drawn 
from a point P on the surface so as to cut S once or some 
other odd number of times, lie on one side of the tangent plane 
at the point, and intercept just half the surface of the sphere 
of unit radius the centre of which is P. 

From Gauss’s Theorem it follows immediately that at some 
parts of a closed surface situated in a field of force, but en- 
closing none of the attracting mass, the normal component of 
the resultant attraction must act towards the interior of the 
surface and at some parts toward the exterior, for otherwise 
the limit of the sum of the intrinsically positive elements of 
the surface, each one multiplied by the component in the 
direction of the interior normal of the attraction at one of its 
own points, could not be zero. In other words, the potential 
function, the rate of change of which measures the attraction, 
must at some parts of the surface increase and at others 
decrease in the direction of the interior normal. 


32. Tubes of Force. A line which cuts orthogonally the dif- 
ferent members of the system of equipotential surfaces cor- 
responding to any distribution of matter is called a ‘‘line of 
force,” since its direction at each point of its course shows the 
direction of the resultant force at the point. If through all 
points of the contour of a portion of an equipotential surface 
lines of force be drawn, these lines lie on a surface called a 


(Ss 


Fia. 24. 


‘¢tube of force.” We may easily apply Gauss’s Theorem to @ 
space cut out and bounded by a portion of a tube of force and 
two equipotential surfaces ; for the sides of the tube do not con- 
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tribute anything to the surface integral of normal attraction, and 
the resultant force is all normal at points in the equipotential 
surfaces. If w and o! are the areas of the sections of a tube of 
force made by two equipotential surfaces, and if F and F" are 
the average interior forces on » and o!, we have 


Fo +F'o' =0 [87] 
if the tube encloses empty space, and 
Fo +F'o!=47m [88] 


when the tube encloses a mass m of attracting matter. 


33. Spherical Distributions. In the case of a distribution 
about a point in spherical shelis, so that the density is a 
function of the distance from this point only, the lines of force 
are straight lines whose directions all pass through the central 
point. Every tube of force is conical, and the areas cut out of 
different equipotential surfaces by a given tube of force are pro- 
portional to the square of the distance from the centre. 

Consider a tube of force which intercepts an area y from a 
spherical surface of unit radius drawn with O as a centre, and 
apply Gauss’s Theorem to a box cut out of this tube by two 
equipotential surfaces of radii r and (r+ Ar) respectively. 


d_ ¢ —B 
<a), 
a BA 

Fic. 25. 


Let AOB (Fig. 25) be a section of the tube in question. 
The area of the portion of spherical surface w which is repre- 
sented in section at ad is r’?¥, and the area of that at be is 
(r+Ar)’y. If the average force acting on » toward the inside 
of the box is I’, the average force acting on w' toward the inside 
of the box will be —(f+A,F), and the surface integral. of 
normal attraction taken all over the outside of the box is 


Fry —(F+4,F) (r+ Ar)yy = —yp-A,(F-1’) [89] 
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If the tube of force which we have been considering be ex- 
tended far enough, it will cut all the concentric layers of matter, 
traverse all the empty regions between the layers, if there are 
such, and finally emerge into outside space. 

If we choose 7 so that the box shall contain no matter, the 
surface integral taken over the box must be zero. 

In this case, 


—yA, (Fr) = 0, 
therefore, ju oy [90] 
and V=—"t+p [91] 


From this it follows that in a region of empty space, either 
included between the two members of a system of concentric 
spherical shells of density depending only upon the distance 
from the centre, or outside the whole system, the force of attrac- 
tion at different points varies inversely as the squares of the 
distances of these points from the, centre. 

Suppose that the box (abcd) lies in a shell whose density is 
constant; then the surface integral of normal attraction taken 
over the box is equal to 47 times the matter within the box. In 
this case the quantity of matter inside the box is 


ps7 (7 +Ar)?— aye or pwrAr-+e, 


where « is an infinitesimal of an order higher than the first. 


Therefore, 
_ pA, (Fr’) = 4n(pwrAr a. €); 


limit 4,(2’r”) 


OF Ar=0 Ar er 4 rpr’, 
4 pr c 
FF aan ee ee 92 
whence 3 +> [92] 


and V=— = E3 npr’ + pe. [93] 
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If the box lies in a shell whose density is inversely propor- 
tional to the distance from the centre, we shall have 


limit A,( Pr’) 


= r\ 2 
dit 0) tn (2 Yet [94] 


whence B= — 2rd a [95 ] 
and Va=—°— Orde +p. [96 } 
a 


In general, if the box lies in a shell whose density is f(7), we 
shall have 
Rant A. Fr? 
sg TOO, [97] 


Aa 


2 . 


Cc 
whence f=—— 
2 


K)T drs [98] 

In order to learn how to use the results just obtained to de- 
termine the force of attraction at any point due to a given 
spherical distribution, let us consider the simple case of a single 
shell, of radii 4 and 5, and of density [Ar] proportional to the 
distance from the centre. 

At points within the cavity enclosed by the shell we must 
have, according to [90] and [91], 


F=% and Vs—2+m3 


But the force is evidently zero at the centre of the shell, where 
ris zero, so that c must be zero everywhere within the cavity, 
and there is no resultant force at any point in the region. The 


value, at the centre, of the potential function due to the shell is 
evidently 


5 
me ‘fi Aadedr= can [99] 


and it has the same value at all other points in the cavity. 
In the shell itself it is easy to see that we must have at all 
points, 


' a 
Pa3— mr and yao tal [100] 
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In order to determine the constants in this equation, we may 
make use of the fact that # and V are everywhere continuous 
functions of the space codrdinates, so that the values of F and 
V obtained by putting 7 = 4, the inner radius of the shell, in 
[100], must be the same as those obtained by making r= 4 in 
the expressions which give the values of / and V for the cavity 
enclosed by the shell. This gives us 


C= o56n\ and p= ae, 
so that for points within the mass of the shell we have 

re 2007 aha? [101] 
oF Va 26nd __ mdr, 500md. [102] 


i 3 3 
For points without the shell we have the same general expres- 


sions for # and V as for points within the cavity enclosed by 
the shell, namely, 


Fa" and Vee [103] 
r 


2 


but the constants are different for the two regions. 

Keeping in mind the fact that / and V are continuous, it is 
easy to see that we must get the same result at the boundary of 
the shell, where r = 5, whether we use [103], or [101] and [102]. 

This gives 

k=—3697A and m=0;3 


so that for all points outside the shell we have 


r 
aa Va 269md, [105] 


. 
These last results agree with the statements made in Section 
13, for the mass of the shell is 369 7A. 
The values, at every point in space, of the potential function 
and of the attraction due to any spherical distribution may be 
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found by determining, first, with the aid of Gauss’s Theorem, 
the general expressions for # and V in the several regions ; 
then the constants for the innermost region, remembering that 
there is no resultant attraction at the centre of the system; and 
finally, in succession (moving from within outwards), the con- 
stants for the other regions, from a consideration of the fact 
that no abrupt change in the values of either /’ or V is made by 
crossing the common boundary of two regions. 

This method of treating problems is of great practical im- 
portance. 


34. Cylindrical Distributions. In the case of a cylindrical 
distribution about an axis, where the density is a function of 
the distance from the axis only, the equipotential surfaces are 
concentric cylinders of revolution ; the lines of force are straight 
lines perpendicular to the axis; and every tube of force is a 
wedge. 

If we apply Gauss’s Theorem to a box shut in between two 
equipotential surfaces of radii 7 and + + Ar, two planes perpen- 
dicular to the axis, and two planes passing through the axis, 


Fie. 26. 


we have, if y is the area of the piece cut out of the cylindrical 
surface of unit radius by our tube of force, 

w=Pr-y, wo =(r+Ar)-y, 
and for the surface integral of normal attraction taken over the 
box, 


Fo + F'o'=—y-A,(7-F). [106] 
If our box is in empty space, 
A, G2) = Ox. 


so that Jie ; and V=clogr+uy. [107] 
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If the box is within a shell of constant density p, 
—y-A,(r-F’)= 4a praAr, 
so that F=* —2nrpr and V=clogr—mpr’+uy. [108] 


35. Poisson’s Equation. Let us now apply Gauss’s Theorem 
to the case where our closed surface is that of an element of 
volume of an attracting mass in which p is either constant or a 
continuous function of the space codrdinates. We will consider 
three cases, using first rectangular codrdinates, then cylinder 
coordinates, and finally spherical codrdinates. 


I. In the first case, our element is a rectangular parallelopiped 
(Fig. 27). Perpendicular to the axis of a are two equal sur- 
faces of area Ay- Az, one at a distance x from the plane yz, and 
one at a distance «+ Az from the same plane. The average 
force perpendicular to a plane area of size Ay Az, parallel to the 
plane yz, and with edges parallel to the axes of y and z, is evi- 
dently some function of the codrdinates of the corner of the 
element nearest the origin. 

That is, if P=(a, y,z), the average force on PP, parallel to 
the axis of wis X= f(x, y, 2), and the average force on P, P; in 
the same direction is f(a+ Aa, y, z)= X+A,X, so that PP, 
and P,P; yield towards the surface integral of interior-normal 
attraction taken over the element, the quantity —AwAy Az- aa 


, 


Similarly, the other two pairs of elementary surfaces yield 


S> 
to 
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QP 


— Avay dee and — AvAy Az zo and, if po) is the average 
Z 


density of the matter enclosed by the box, we have 
Ap Xe tA, eae 
Ax - Ay bs Az 


— Araya] | a4 rpdvay de [109 | 

This equation is true whatever the size of the element Ax Ay Az. 
If this element is made smaller and smaller, the average nor- 
mal force [X ] on PP, approaches in value the force [D,V ] at 
P in the direction of the axis of x; Y and Z approach respec- 
tively the limits D,V and D,V; and p, approaches as its limit 
the actual density [p] at P. 

Taking the limits of both sides of [109], after dividing by 
Aw Ay Az, we have 

DV 4- D2V4-D37V = —4rp, 

or VV=—4rp, [110] 
which is Poisson’s Equation. The potential function due to any 
conceivable distribution of attracting matter must be such that 
at all points within the attracting mass this equation shall be 
satisfied. 

For points in empty space p= 0, and Poisson’s Equation 
degenerates to Laplace’s Equation. 

II. In the case of cylindrical codrdinates, the element of vol- 
ume (Fig. 28) is bounded by two cylindrical surfaces of revo- 


lution having the axis of z as their common axis and radii + and 
r+ Ar, two planes perpendicular to this axis and distant Az 


IN THE CASE OF GRAVITATION. 63 


from each other, and two planes passing through the axis and 
forming with each other the diedral angle Aé. 

Call R, ©, and Z the average normal forces upon the elemen- 
tary planes PP,;, PP;, and PP; respectively, then the surface 
integral of normal attraction over the volume element will be 

— Ad AzA,(r- R) — Ar AzA,@ — AO [rAr + 4(Ar)*]A,Z 
=4rp, (vol. of box) ; [111] 
whence, approximately, 
LANG) PA,O . AZ vol. of box 
r 2— —— 4 a fala ly 
Riip teen ACen eK Seer RANG ANE ae 

The force at Pin direction PP; is D,V, in direction PP, is D,V, 

and perpendicular to ZP in the plane PLP, is £ + Dy V, so that 


if the box is made smaller and smaller, our equation approaches 


the for 5 
WOES TDG DV) +5DEV+DEVs—4mp. [118] 
Yr ip 


Z 


Fie. 29. 


III. In the case of spherical codrdinates, the volume element 
is of the shape shown in Fig. 29. Let OP=r, ZOP=6, and 
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denote by ¢ the diedral angle between the planes ZOP and 
ZOX.. Denote by &, ©, and ® the average normal forces on the 
faces PP,, PP;, and PP, respectively ; then the surface integral 
of normal attraction over the elementary box is approximately 
— sindAGA¢g-A,(7R) — rAd ArAgd —rAdAr-A, (sind: ©) 
=47p,:(vol. of box) ; [114 } 


TAGE) LS Age 1 A,(sin6-®) 
h Sag = 5 oe 
tag ve Ar t rsind Ad rsindg Aé 


=—4 


vol. of box 
: A 115 
Po" 72 sin 0 Ar AOAd fe 
The force at P in the direction PP; is D,V, in the direction 
PP Dz V, and in the direction PP, is 1 pD,V; there- 
< 


7 sin 


fore, as the element of volume is made smaller and smaller, our 
equation approaches the form 


sind- D,(12D,V) + et + D,(sind- D,V) 
sin 


=— 4zp?r*sind. [116] 


This equation, as well as that for cylinder codrdinates, might 
have been obtained by transformation from the equation in 
rectangular codrdinates. 

We may devote the rest of this section to the stating of 
some general results which will be intelligible only to those 
readers who are familiar with the theory and the use of 
curvilinear codrdinates. 

If uw, v, w are any three analytic functions of x, y, which 
define a set of orthogonal curvilinear coérdinates, and if 
h,? = (D,u)? + (Du)? + (Du)? h,? = (Dw)? + (Dy)? + (D,)?, 
h,,” = (D,w)? + (Dy)? + (D yw)’, it is possible to show that 
Poisson’s Equation may be written in either of the forms 


DAY ho DAV tht =a DAY eh te) Vay ot 
+ D,V.V70+ D,V-Vew=—A ap, 
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JP EDV: h,- DV 
h =} wi D uu uu v v 
ee ie i hy ha, )+v( a ) 


By giving to ¢ in the equation wu =c, where wu is a given 
function of (a, y, z), different values in succession we may get 
the equations of any number of surfaces on each of which u 
is constant. These surfaces may or may not be the equipo- 
tential surfaces of a possible distribution of matter. If they 
are, it must be possible to find a potential function which 
changes only when wu changes and is, therefore, a function of 
u only. We may in this case consider wu as one of a set of 
three orthogonal curvilinear coordinates (uw, v, w), and since, 
by hypothesis, D,V =0, and D,,V = 0, we may write Laplace’s 
Equation in the form D,?V -h,? + D,V-V?u = 0, or 


2 
D2V + p,v($*) = 


If now the ratio of V?u to h,? is expressible as a function of 
u only, the equation is an ordinary differential equation the 
solution of which gives the most general solution of Laplace’s 
Equation which is a function of w only. If, however, the 
ratio of V?u to h,? is not expressible as a function of wu only, V, 
which by hypothesis involves w only, must satisfy a differ- 
ential equation which involves besides w one or both of the 
other codrdinates v and w, so that we infer that no solution of 
Laplace’s Equation exists which is everywhere a function of 
u only. <A set of confocal ellipsoidal surfaces forms a possible 
set of equipotential surfaces, while a family of concentric, sim- 
ilar, and similarly placed ellipsoidal surfaces cannot be the 
level surfaces in empty space of any distribution of matter. 
Two concentric, similar, and similarly placed ellipsoidal sur- 
faces, S, and S,, may be equipotential but, in this case, the 
level surfaces between S, and S, will not be ellipsoidal sur- 
faces similar to them. 
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36. Poisson’s Equation in the Integral Form. In [109] X 
may be regarded as a function of x, y, z, Ay, and Az, which ap- 
proaches D,V as a limit when Ay and Az are made to approach 
zero, and it may not be evident that the limit, when Aw, Ay, and 


Az are together made to approach zero, of the fraction oe is 
x 


D2V. For this reason it is worth while to establish Poisson’s 
Equation by another method. 
It is shown in Section 29 that the volume integral of the 


quantity —D, eB taken throughout a certain region, is the sur- 

face integral of 2 cosa taken all over the surface which bounds 
rs 

the region. In this proof we might substitute for c any other 


function of the three space codrdinates which throughout the 
region is finite, continuous, and single-valued, and state the 
results in the shape of the following theorem : 


If T is any closed surface and U a function of x, y, and z 
which for every point inside 7 has a finite, definite value which 
changes continuously in moving to a neighboring point, then 


Lf D,U - dx dy dz =— { Ucosads, [117] 
apt D,U> da dy dz =— { Ucospas, [118] 
and ee D,U- dx dy dz =— { eos yas, Gh19| 


where a, 8, and y are the angles made by the interior normals 
at the various points of the surface with the positive direction 
of the codrdinate axes, and where the sinister integrals are to be 
extended all through the space enclosed by 7’, and the dexter 
integrals all over the bounding surface. 


If we apply this theorem to an imaginary closed surface which 
shuts in any attracting mass of density either uniform or vari- 
able, and if for U in{117], [118], and [119] we use respectively 
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D,V,D,V,and D,V, and add the resulting equations together, 
we shall have 


SS f[ @2v + Dav + D2V) dedy de 
=— { (D.V cosa + D,V cos B + D.V cosy) ds. [120] 


The integral in the second member of this equation is evi- 
dently (see [56]) the surface integral of normal attraction 
taken over our imaginary closed surface, and this by Gauss’s 
Theorem is equal to 47 times the quantity of matter inside 
the surface, so that 


ifs (D2V + D2V + D2V) dedydz 


=—4n ff {pdvdydz. [121] 


Since this equation is true whatever the form of the closed 
surface, we must have at every point 


DZV+D7V + D?V=—4zp. 


For if throughout any region VV were greater than —4 zp, we 
might take the boundary of this region as our imaginary surface. 
In this case every term in the sum whose limit gives the sinister 
of [121] would be greater than the corfesponding term in the 
dexter, so that the equation would not be true. Similar reason- 
ing shuts out the possibility of V'V’s being less than — 4 zp. 


37. The Average Value of the Potential Function on a Spheri- 
cal Surface. If, in a field of force due to a mass m concentrated 
at a point P, we imagine a spherical surface to be drawn so as 
to exclude P, the surface integral taken over this surface of the 
value of the potential function due to m is equal to the area of 
the surface multiplied by the value of the potential function at 
the centre of the sphere. 

To prove this, let the radius of the sphere be a and the dis- 
tance |OP] of P from its centre ¢. Take the centre of the 
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sphere for origin and the line OP for the axis of x Divide the 
surface of the sphere into zones by means of a series of planes 
cutting the axis of x perpendicularly at intervals of Ac. The 
area of each one of these zones is 2 radz, so that the surface 


integral of “ is 


+a m2nadz re cpu Nee) 
Le Va? +c? —2 cx ¢ S: 


and the value of this, since the radical represents a positive 


2 
quantity, is ss my which proves the proposition. 


The surface integral of the potential function taken over the 
sphere, divided by the area of the sphere, is often called “the 
average value of the potential function on the spherical surface.” 

If we have any distribution of attracting matter, we may 
divide it into elements, apply the theorem just proved to each 
of these elements, and, since the potential function due to the 
whole distribution is the sum of those due to its parts, assert 
that : 


The average value on a spherical surface cf the potential func- 
tion due to any distribution of matter entirely outside the sphere 
is equal to the value of the potential function at the centre of the 
sphere. 


If a function, U, of the space coérdinates attains a maxi- 
mum (or a minimum) value at a point, Q, it is possible to draw 
about @ as centre a spherical surface, S, of radius so small 
that the value of U at every point of S shall be less (or 
greater) than the value of U at Q. It follows, therefore, 
from the theorem just stated that : 


The potential function due to a finite distribution of matter 
cannot attain either a maximum or a minimum value at any 
point in empty space. 


We may infer from the first of the theorems just stated 
that, if the potential function is constant within any closed 
surface, S, drawn in a region, 7, which contains no matter, it 
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will have the same value in those parts of 7’ which lie outside 
S. For, if the values of the potential function at points in 
empty space just outside S were different from the value in- 
side, it would always be possible to draw a sphere of which 
the centre should be inside S, and which outside S should in- 
clude only such points as were all at either higher or lower po- 
tential than the space inside S; but in this case the value of 
the potential function at the centre of the sphere would not be 
the average of its values over its surface. A more satisfac- 
tory proof can be given with the help of Spherical Harmonics. 

The value of the potential function cannot be constant in 
unlimited empty space surrounding an attracting mass M, for, 
if it were, we could surround the mass by a surface over 
which the surface integral of normal attraction would be zero 
instead of 47M. 

The average value on a spherical surface of the potential 
function [ V ], due to any distribution [J/] of attracting matter 
wholly within the surface, is the same as if MZ were concen- 
trated at the centre O of the space which the surface encloses. 
For the average values [V) and V,+A,Vo] of V on con- 
centric spherical surfaces of radii 7 and r + Ar may be written 


: JS Vas (or Tf Vee, if dw is the solid angle of an ele- 
Agr? Ag 


mentary cone with vertex at O, which intercepts the element ds 


from the surface of a sphere of radius 7), and ZS V+a.P do ; 
Tv 


1 
whence AVi= Lsar dw, 
4a 


and D,Vo => ID, V-do. 
4 


Now -{D, V-a’dwo is the integral of normal attraction taken 


over the spherical surface, whence, by Gauss’s Theorem, 


zi 
4 xr 


since V,— 0; for r=. 


Divgee oon aad Y= +0, 
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38. The Equilibrium of Fluids at Rest under the Action of 
Given Forces. Elementary principles of Hydrostatics teach us 
that when an incompressible fluid is at rest under the action of 
any system of applied forces, the hydrostatic pressure p at the 
point (a, y, z) must satisfy the differential equation 


dp = p(Xd« + Ydy + Zdz), [122] 


where X, Y, and Z are the values at that point of the force 
_ applied per unit of mass to urge the liquid in directions parallel 
to the coordinate axes. 

For, if we consider an element of the liquid [Aw Ay Az] 
(Fig. 27) whose average density is p, and whose corner next 
the origin has the codrdinates (a, y, z), and if we denote by p, 
the average pressure per unit surface on the face PP, P,P;, by 
P.+A,p, the average pressure on the face P,P; P; P;, and by 
X, the average applied force per unit of mass which tends to 
move the element in a direction parallel to the axis of 2, we 
have, since the element is at rest, 

prby Az + py X) Av Ay Az = (p, +A, p,) Ay Az, 
A. Pz 
or Po XG = ee 

If the element be made smaller and smaller, the first side of 
the equation approaches the limit pX, and the second side the 
limit D,p, where p is the hydrostatic pressure, equal in all direc- 
tions, at the point P. 


This gives us Di p=p Xs. [123] 
In a similar manner, we may prove that 
D,p=pY, 
and D.p=pZ3 
whence dp = D, pdx + D,pdy + D, pdz 
=p(Xdx+ Ydy+ Zdz). 


If in any case of a liquid at rest the only external force 
applied to each particle is the attraction due to some outside 
mass, or to the other particles of the liquid, or to both together, 
X, Y, and Z are the partial derivatives with regard to 2, y, and 
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z of a single function V, and we e may write our general equation 
in the form 


dp = p(D,V-dx + D,V.dy+ D,V- a dV, 
whence, if p is constant, 
p=pV + const., [124 ] 
and the surfaces of equal hydrostatic pressure are also equi- 
potential surfaces. 


According to this, the free bounding surfaces of a liquid at 
rest under the action of gravitation only are equipotential. 


EXAMPLES. 


1. Prove that a particle cannot be in stable equilibrium 
under the attraction of any system of masses. [Earnshaw. | 

2. The earth’s potential function expressed in the common, 
kinetic, centimetre-gramme-second units is 981 a?/7r, for points 
above the surface. 

3. Prove that if all the attracting mass hes within an equi- 
potential surface S on which V = C, then in all space outside 
S the value of the potential function lies between C and 0. 

4, The source of the Mississippi River is nearer the centre of 
the earth than the mouth is. What can be inferred from this 
about the slope of level surfaces on the earth? 

5. If in [59] @ be made equal to zero, V becomes infinite. 
How can you reconcile this with what is said in the first part of 
Section 22? 

6. Are all solutions of Laplace’s Equation possible values of 
the potential function in empty space due to distributions of 
matter ? Assume some particular solution of this equation 
which will serve as the potential function due to a possible dis- 
tribution and show what this distribution is. 

7. If the lines of force which traverse a certain region are 
parallel, what may be inferred about the intensity of the force 
within the region? 

8. The path of a material particle starting from rest at a 
point P and moving under the action of the attraction of a given 
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mass & is not in general the line of force due to M which passes 
through P. Discuss this statement, and consider separately 
cases where the lines of force are straight and where they are 
curved. 

9. Draw a figure corresponding to Figure 17 for the case of 
a uniform sphere of unit radius surrounded by a concentric 
spherical shell of radii 2 and 3 respectively. 

10. Draw with the aid of compasses traces of four of the 
equipotential surfaces due to two homogeneous infinite cylinders 
of equal density whose axes are parallel and at a distance of 
5 inches apart, assuming the radius of one of the cylinders to 
be 1 inch and that of the other to be 2 inches. 

11. Draw with the aid of compasses meridian sections of 
four of the equipotential surfaces due to two small homogeneous 
spheres of mass m and 2m respectively, whose centres are 4 
inches apart. Can equipotential surfaces be drawn so as to lie 
wholly or partly within one of the spheres? What value of the 
potential function gives an equipotential surface shaped like 
the figure 8? Show that the value of the resultant force at the 
point where this curve crosses itself is zero. 

12. A sphere of radius 3 inches and of constant density p is 
surrounded by a spherical shell concentric with it of radii 4 
inches and 5 inches and of density w7, where 7 is the distance 
from the centre. Compute the values of the attraction and of 
the potential function at all pomts in space and draw curves to 
illustrate the fact that V and D,V are everywhere continuous 
and that D,?V is discontinuous at certain points. 

13. A very long cylinder of radius 4 inches and of constant 
density » is surrounded by a cylindrical shell coaxial with it 
and of radii 6 inches and 8 inches. The density of this shell is 
inversely proportional to the square of the distance from the 
axis, and at a point 8 inches from this axis is ». Use the Theo- 
rem of Gauss to find the values of V, D,V, and DV at differ- 
ent points on a line perpendicular to the axis of the cylinder at 
its middle point. If the value of the attraction at a Gistance 
of 20 inches from the axis is 10, show how to find p. 
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14. Use Dirichlet’s value of D,V, given by equation [78], 
to find the attraction in the direction of the axis of x at points 
within a spherical shell of radii 7) and 7, and of constant den- 
sity p. 

15. Are there any other cases except those in which the 
density of the attracting matter depends only upon the dis- 
tance from a plane, from an axis, or from a central point, 
where surfaces of equal force are also equipotential surfaces ? 
Prove your assertion. 

16. Show that the second derivative with respect to a, of 
the potential function due to a homogeneous sphere of density 
p and radius a, with centre at the origin, is — 4 zpr for inside 
points, and — 4 zpa*(r? — 3.x?) /r*® for points without the sur- 
face. Similar expressions give the values of the second deriv- 
atives with respect to y and z Show that the normal second 
derivative of V is — $zp just within the surface and + 8 ap 
just without. Show that the tangential second derivatives 
are continuous at the surface. 

17. Two uniform straight wires of length / and of masses m, 
and mz, are parallel to each other and perpendicular to the line 
joining their middle points, which is of length y%. Show that 
the amount of work required to increase the distance between 
the wires to y, by moving one of them parallel to itself is 
|b [Minchin. } 

Y y= 

18. Show that if the earth be supposed spherical and covered 
with an ocean of small depth, and if the attraction of the par- 
ticles of water on each other be neglected, the ellipticity of the 
ocean spheroid will be given by the equation, 


2M, Mo 


E [y VEE = Log 


The centrifugal. force at the equator 
= y . 

19. A spherical shell whose inner radius is 7 contains a mass 
m of gas which obeys the Law of Boyle and Mariotte. Fond 
the law of density of the gas, the total normal pressure on the 
inside of the containing vessel, and the pressure at the centre. 


e? 
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20. If the earth were melted into a sphere of homogeneous 
liquid, what would be the pressure at the centre in tons per 
square foot? If this molten sphere instead of being homo- 
geneous had a surface density of 2.4 and an average density | 
of 5.6, what would be the pressure at the centre on the sup- 
position that the density increased proportionately to the 
depth ? 

21. A solid sphere of attracting matter of mass m and of 
radius r is surrounded by a given mass WM of gas which obeys 
the Law of Boyle and Mariotte. If the whole is removed 
from the attraction of all other matter, find the law of density 
of the gas and the pressure on the outside of the sphere. 

22. The potential function within a closed surface S due to 
matter wholly outside the surface has for extreme values the 
extreme values upon S. 

23. If the potential functions V and V’' due to two systems 
of matter without a closed surface have the same values at all 
points on the surface, they will be equal throughout the space 
enclosed by the surface. 

24. The potential function outside of a closed surface due 
to matter wholly within the surface has for its extreme values 
two of the following three quantities : zero and the extreme 
values upon the surface. 

25. If w is harmonic in the domain 7, the average value 
of w on any spherical surface within 7' is equal to the actual 
value at the centre of the surface. If S is a closed surface 
drawn in Z, and if w is not ‘constant, greater and smaller 
values of w are to be found on S than within it. 

[Answers to some of these problems and acollection of additional prob- 


lems illustrative of the text of this chapter may be found near the end of 
the book. ] 
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CHAPTER IIL. 


THE POTENTIAL FUNCTION IN THE OASE OF 
REPULSION. 


39. Repulsion, according to the Law of Nature. Certain 
physical phenomena teach us that bodies may acquire, by 
electrification or otherwise, the property of repelling each other, 
and that the resulting force of repulsion between two bodies is 
often much greater than the force of attraction which, ac- 
cording to the Law of Gravitation, every body has for every 
other body. 

Experiment shows that almost every such case of repulsion, 
however it may be explained physically, can be quantitatively 
accounted for by assuming the existence of some distribution of 
a kind of ‘‘ matter,” every particle of which is supposed to repel 
every other particle of the same sort according to the ‘‘ Law of 
Nature,” that is, roughly stated, with a force directly propor- 
tional to the product of the quantities of matter in the particles, 
and inversely proportional to the square of the distance between 
their centres. 

In this chapter we shall assume, for the sake of argument, 
that such matter exists, and proceed to discuss the effects of 
different distributions of it. Since the law of repulsion which 
we have assumed is, with the exception of the opposite direc- 
tions of the forces, mathematically identical with the law which 
governs the attraction of gravitation between particles of pon- 
derable matter, we shall find that, by the occasional intro- 
duction of a change of sign, all the formulas which we have 
proved to be true for cases of attraction due to gravitation 
can be made useful in treating corresponding problems in 


repulsion. 
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40. Force at Any Point due to a Given Distribution of 
Repelling Matter. T'wo equal quantities of repelling matter 
concentrated at points at the unit distance apart are called 
‘‘ unit quantities ” when they are such as to make the force of 
repulsion between them the unit force. 

If the ratio of the quantity of repelling matter within a small 
closed surface supposed drawn about a point P, to the volume 
of the space enclosed by the surface, approaches the limit p when 
the surface (always enclosing P) is supposed to be made smaller 
and smaller, p is called the ‘‘ density’’ of the repelling matter 
Oh Wi 

In order to find the magnitude at any point P of the force due 
to any given distribution of repelling matter, we may suppose 
the space occupied by this matter to be divided up into small 
elements, and compute an approximate value of this force on the 
assumption that each element repels .a unit quantity of matter 
concentrated at P with a force equal to the quantity of matter 
in the element divided by the square of the distance between P 
and one of the points of the element. The limit approached by 
this approximate value as the size of the elements is diminished 
indefinitely is the value required. 


Fig. 30. 


Let Q (Fig. 30), whose codrdinates are a, y', z', be the 
corner next the origin of an element of the distribution. Let p 
be the density at Q and Aw! Ay'Az' the volume of the element ; 
then the force at P due to the matter in the element is approxi- 
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f ! ! ! 
mately equivalent to a force of magnitude eae Ma acting in 
Ic 


a] 
the direction QP, or a force of magnitude — ie et acting 
1a 


in the direction PQ. If the codrdinates of P are a, y, 2, the 
component of this force in the direction of the positive axis of 2 

— p Aa! Ay! Az! (a! — a) 
[(a!—a)*+ (y'— 9)*+ 2)? 
to the axis of x due to the whole distribution of repelling 
matter is 


X= — p(a'— x) da'dy'dz' 
Hips ae [125,] 


where the triple integration is to be extended over the whole 
space filled with the repelling matter. For the components of 
_ the force at P parallel to the other axes we have, similarly, 


ae p(y'— y) da'dy'dz' 
Y= SSS estes ()— 2" [125,] 


hate at p(2'— z)da'dy'dz! ; . 
ee 1B Wien (y'— y)?+ (2'—z)*]3 [1 do] 


If we denote by V the function 


pdx'dy'dz' 


which, together with its first derivatives, is everywhere finite 
and continuous, as we have shown in the last chapter, it is easy 
to see that 

X=-—D,V, Y=—-D,V, Z=—D,), [127] 


and the force at P parallel 


and 


R=V(D,V)* +(D,V)? + (D.V)*, [128] 
and that the direction-cosines of the line of action of the re- 
sultant force at P are 

Ws 
2. ue, and ~2f [129] 
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It follows from this (see Section 21) that the component in 
any direction of the force at a point P due to any distribution 
M of repelling matter is minus the value at P of the partial 
derivative of the function V taken in that direction. 

The function V goes by the name of the Newtonian potential 
function whether we are dealing with attracting or repelling 
matter. 

In the case of repelling matter, it is evident that the resultant 
force on a particle of the matter at any point tends to drive that 
particle in a direction which leads to points at which the poten- 
tial function has a lower value, whereas in the case of gravita- 
tion a particle of ponderable matter at any point tends to move 
in a direction along which the potential function increases. 


41. The Potential Function as a Measure of Work. It is 
easy to show by a method like that of Article 27 that the 
amount of work required to move a unit quantity of repelling 
matter, concentrated at a point, from P, to P;, in face of the 
force due to any distribution M of the same kind of matter, is 
V,—V,, where V, and V, are the values at P, and P, respec- 
tively of the potential function due to M. The farther P, is 
from the given distribution, the smaller is V,, and the less does 
V,—V, differ from V;. In fact, the value of the potential 
function at the point P,, wherever it may be, measures the work 
which would be required to move the unit quantity of matter by 
any path from ‘‘ infinity’? to P,. 


42. Gauss’s Theorem in the Case of Repelling Matter. Ifa 
quantity m of repelling matter is concentrated at a point within 
a closed oval surface, the resultant force due to m at any point 
on the surface acts toward the outside of the surface instead of 
towards the inside, as in the case of attracting matter. 

Keeping this in mind, we may repeat the reasoning of Article 
31, using repelling matter instead of attracting matter, and sub- 
stituting all through the work the exterior normal for the in- 
terior normal, and in this way prove that: 
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If there be any distribution of repelling matter partly within 
and partly without a closed surface 7, and if M be the whole 
quantity of this matter enclosed by 7’, and M' the quantity out- 
side 7’, the surface integral over T of the component in the di- 
rection of the exterior normal of the force due to both M and M! 
is equal to47M. If V be the potential function due to M and 


t 
M', we have [DV ds = 4 eM 


43. Poisson’s Equation in the Case of Repelling Matter. If 
we apply the theorem of the last article to the surface of a 
volume element cut out of space containing repelling matter, 
and use the notation of Article 35, we shall find that in the case 
of rectangular codrdinates the surface integral, taken over the 
element, of the component in the direction of the exterior 
normal is 

De Beet (AZ 
Andy de] Ae aaa + ie 
where X is the average component in the positive direction of 
the axis of a of the force on the elementary surface Ay Az, and 
where Y and Z have similar meanings. It is evident that if 
the element be made smaller and smaller, X, Y, and Z will 
approach as limits theycomponents parallel to the codrdinate 
axes of the force at P. These components are —D,V, —D,V, 
and —D.V; so that if we divide [130] by AwAyAz and then 
decrease indefinitely the dimensions of the element, we shall 
arrive at the equation 


|= 4e0y-Aeayae, [130] 


VV=—Arp. | [131] 
By using successively cylinder codrdinates and spherical co- 
ordinates we may prove the equations 


* D,(rD,V) +4 DgV + Daya, (182) 


Ay 


and —sing- D,(77D,V) + ve + D,(sind- D,V) 
1n 


= — 4rpr’sind, [133} 
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so that Poisson’s Equation holds whether we are dealing witk 
attracting or repelling matter. 


44. Coexistence of Two Kinds of Active Matter. Certain 
physical phenomena may be most conveniently treated mathe- 
matically by assuming the coexistence of two kinds of ‘‘ matter” 
such that any quantity of either kind repels all other matter of 
the same kind according to the Law of Nature, and attracts all 
matter of the other kind according to the same law. 

Two quantities of such matter may be considered equal if, 
when placed in the same position in a field of force, they are 
subjected to resultant forces which are equal in intensity and 
which have the same line of action. The two quantities of 
matter are of the same kind if the direction of the resultant 
forces is the same in the two cases, but of different kinds if the 
directions are opposed. The unit quantity* of matter is that 
quantity which concentrated at a point would repel with the 
unit force an equal quantity of the same kind concentrated at 
a point at the unit distance from the first point. 

It is evident from Articles 2, 14, and 40 that m units of one 
of these kinds of matter, if concentrated at a point (x, y, 2) and 
exposed to the action of m,, my, Ms, ... m, units of the same 
kind of matter concentrated respectively at the points (2, 4,21), 
(ay Yor Za) (B3y Yo %) > ++ (Ves Yar Ze) ANA OF My 41) My poy +++ Mn 
units of the other kind of matter concentrated respectively at 
the points (2415 Yaris Ze+r)> (Cep2> Yuta, Ze+2)9 ++ (Bas Yar Zn)» 
will be urged in the direction parallel to the positive axis of a 
with the force 


t=F i=n 
= m4 (%; — &) Mm, (®;— @) 
aca 
pel 


i=k+1 
where 7, is the distance between the points (a, y, z) and 
(Xiy Yas %)+ 


* With this definition of the unit of quantity, the repulsion and attrac- 
tion force unit is identical with the absolute kinetic force unit. 
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If we agree to distinguish the two kinds of matter from each 
other by calling one kind “ positive” and the other kind “neg- 
ative,” it is easy to see that if every m which belongs to positive 
matter be given the plus sign and every m which belongs ta 
negative matter the minus sign, we may write the last equation 


in the form 
--n mace) ee [135] 


The result obtained by making m in [135] equal to unity is 
called the force at the point (a, y, 2). 

In general, m units of either kind of matter concentrated at 
the point (a, y, z), and exposed to the action of any continuous 
distribution of matter, will be urged in the positive direction of 
the axis of « by the force 


Pehl 5 i p(a'— x) da'dy'dz' 
are mf J [ (a! —a)?+ (y'—y)?+ (2 —2y ee) 


in this expression, p, the density at (a', y’,z'), is to be taken 
positive or negative according as the matter at the point is 
positive or negative: m is to have the sign belonging to the 
matter at the point (#, y, z): and the limits of integration are to 
be chosen so as to include all the matter which acts on m. 
With the same understanding about the signs of m and of p, 
it is clear that the force which urges in any direction s, m units 
of matter concentrated at the point (x,y,z) is equal to —m-D,V, 
where V is the everywhere finite, continuous, and single-valued 


function 
alate p dx! dy' dz! 
ial — a) (i 8) at 


and that mV measures the amount ‘of work required to bring up 
from ‘‘ infinity” by any path to its present position the m units 
of matter now at the point (a, y, z). 

If we call the resultant force which would act on a unit of 
positive matter concentrated at the point P ‘‘the force at P,” 
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it is clear that if any closed surface Z’ be drawn in a field of 
force due to any distribution of positive and negative matter so 
as to include a quantity of this matter algebraically equal to Q, 
the surface integral taken over 7 of the component in the direc- 
tion of the exterior normal of the force at the different points of 
the surface is equal to 47Q. 

It will be found, indeed, that all the equations and theorems 
given earlier in this chapter for the case of one kind of repelling 
matter may be used unchanged for the case where positive and 
negative matter coexist, if we only give to p and m their proper 
signs. 

It is to be noticed that Poisson’s Equation is applicable 
whether we are dealing with attracting matter or repelling mat- 
ter, or positive and negative matter existing together. 


EXAMPLES. 


1. Show that the extreme values of the potential function 
outside a closed surface S, due to a quantity of matter algebrai- 
cally equal to zero within the surface, are its extreme values 
on S. 

2. Show that if the potential function due to a quantity of 
matter algebraically equal to zero and shut in by a closed sur- 
face S has a constant value all over the surface, then this con- 
stant value must be zero. 


3. Show that if the function w, which is harmonic every- 
where outside the finite closed surface S, vanishes at infin- 
ity, and if r represents the distance from any fixed point, 


limit (72. D,w) is finite. 


r=0 
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CHAPTER IV. 


SURFACE DISTRIBUTIONS.—GREEN’S THEOREM. 


45. Force due to a Closed Shell of Repelling Matter. If a 
quantity of very finely-divided repelling matter be enclosed in a 
box of any shape made of indifferent material, it is evident 
from [127] and from the principles of Section 38 that if the vol- 
ume of the box is greater than the space occupied by the repel- 
ling matter, the latter will arrange itself so that its free surface 
will be equipotential with regard to all the active matter in 
existence, taking into account any there may be outside the box 
as well as that inside. It is easy to see, moreover, that we 
shall have a shell of matter lining the box and enclosing an 
empty space in the middle. 

That any such distribution as that indicated in the subjoined 
diagram is impossible follows immediately from the reasoning 
of Section 37. For ABC and DEF are parts of the same 


equipotential free surface of the matter. If we complete this 
surface by the parts indicated by the dotted lines, we shall 
enclose a space void of matter and having therefore throughout 
a value of the potential function equal to that on the bounding 
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surface. But in this case all points which can be reached from 
O by paths which do not cut the repelling matter must be at the 
same potential as O, and this evidently includes all space not 
actually occupied by the repelling matter; which is absurd. 

Let us consider, then (see Fig. 32). a closed shell of repelling 
matter whose inner surface is equipotential, so that at every 
point of the cavity which the shell shuts in, the resultant force, 
due to the matter of which the shell is composed and to any 
outside matter there may be, is zero. 

Let us take a small portion » of the bounding surface of the 
cavity as the base of a tube of force which shall intercept an 


w& 


Lm 
Fie. 32. 


area w' on an equipotential surface which cuts it just outside the 
outer surface of the shell, and let us apply Gauss’s Theorem to 
the box enclosed by , w', and the tube of force. If F” is the 
average value of the resultant force on w!, the only part of the 
surface of the box which yields anything to the surface integral 
of normal force, we have 


F'w! = 47m, 
where m is the quantity of matter within the box. If we multi- 
ply and divide by o, this equation may be written 


pia tzm oo) 


Ww ow! 


[137] 


If » be made smaller and smaller, so as always to include a 
given point A, w’ as it approaches zero will always include a 
point B on the line of force drawn through A, and F" will ap- 
proach the value F' of the resultant force at B. 

The shell may be regarded as a thick layer spread upon the 
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inner surface, and in this case the limit of ”” may be consid- 
w 


ered the value at A of the rate at which the matter is spread 
upon the surface. If we denote this limit by o, we shall have 


limit /@ 
FE 410+ ek [138] 
If B be taken just outside the shell, and if the latter be very 
thin, eae =) evidently differs little from unity; and we see 


that the resultant force at a point just outside the outer sur- 
face of a shell of matter, whose inner surface is equipotential, 
becomes more and more nearly equal to 47 times the quantity 
of matter per unit of surface in the distribution at that point as 
the shell becomes thinner and thinner. 

The reader may find out for himself, if he pleases, whether or 
not the line of action of the resultant force at a point just out- 
side such a shell as we have been considering is normal to the 
shell. 

It is to be carefully noticed that the inner surface of a closed 
shell need not be equipotential unless the matter composing the 
shell is finely divided and free to arrange itself at will. 

When the shell is thin, and we regard it as formed of matter 
spread upon its. inner surface, o is called the ‘‘ surface density ” 
of the distribution, and its value at any point of the inner sur- 
face of the shell may be regarded as a measure of the amount of 
matter which must be spread upon a unit of surface if it is to 
be uniformly covered with a layer of thickness equal to that of 
the shell at the point in question. 


46. Surface Distributions. It often becomes necessary in the 
mathematical treatment of physical problems, on the assump- 
tion of the existence of a kind of repelling matter or agent, to 
imagine a finite quantity of this agent condensed on a surface 
in a layer so thin that for practical purposes we may leave the 
thickness out of account. If a shell like that considered in the 
last section could be made thinner and thinner by compression 
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while the quantity of matter in it remained unchanged, the 
volume density (p) of the shell would grow larger and larger 
without limit, and « would remain finite. A distribution like 
this, which is considered to have no thickness, is called a sur- 
face distribution. 

The value at a point P of the potential function due to 
a superficial distribution of surface density o is the surface 


integral, taken over the distribution, of 2, where r is the dis- 
r 


tance from P. 

It is evident that as long as P does not lie exactly in the 
distribution, the potential function and its derivatives are always 
finite and continuous, and the force at any point in any direc- 
tion may be found by differentiating the potential function 
partially with regard to that direction. 

If p were infinite, the reasoning of Article 22 would no 
longer apply to points actually in the active matter, and it is 
worth our while to prove that in the case of a surface distri- 
bution where o is everywhere finite, the value at a point P of 
the potential function due to the distribution remains finite, as 


x 


Fie. 33. 


P is made to move normally through the surface at a point of 
finite curvature. : 

To show this, take the point O (Fig. 33), where P is to cut 
‘he surface, as origin, and the normal to the surface at O as 
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the axis of #, so that the other codrdinate axes shall lie in 
the tangent plane. 

If the curvature in the neighborhood of O is finite, it will be 
possible to draw on the surface about O a closed line such that 
for every point of the surface within this line the normal will 
make an acute angle with the axis of a. 

For convenience we will draw the closed line of such a shape 
that its projection on the tangent plane shall be a circle whose 
centre is at O and whose radius is U, and we will cut the area 
shut in by this line into elements of such shape that their pro- 
jections upon the tangent plane shall divide the circle just 
mentioned into elements bounded by concentric circumferences 
drawn at radial intervals of Aw, and by radii drawn at angular 
distances of Ad. 

If x,0,.0 are the codrdinates of the point P, w', y', z’ those 
of a point of one of the elements of the area shut in by the 
closed line, and a the angle which the normal to the surface 
at this point makes with the axis of a, the size of the surface 
uAuAd 

Osa 


element is approximately , where w?=2'?+ y'?, and the 


value at P of the potential function due to that part of the sur- 
face distribution shut in by the closed line is 


a LUE 
ae ds { oudu [139] 


0 0 cosay (a —a!)?+ uv? 
The quantity ; 


ou _ a seca 7 
cosa V(a —a!)? + uv? t+) 
U 


is always finite, for, whatever the value of the quantity under 
the radical sign in the last expression may be when @, x’, and u 
are all zero, it cannot be less than unity, and therefore V, must 
be finite even when P moves down the axis of a to the surface 
itself. 

If V and V, are the values at P of the potential functions 
due respectively to all the existing acting matter and to that 
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part of this matter not lying on the portion of the surface shut 
in by our closed line, we have V=V,+V,, and, since P is a 
point outside the matter which gives rise to V2, the latter is 
finite ; so that V is finite. 

The reader who wishes to study the properties of the deriva- 
tives of the potential function, and their relations to the force 
components at points actually in a surface distribution, will find 
the whole subject treated in the first part of Riemann’s Schwere, 
Electricitdét und Magnetismus. 

Using the notation of this section, it is easy to write down 
definite integrals which represent the values of the potential 
function at two points on the same normal, one on one side of 
a superficial distribution, and at a distance a from it, and the 
other on the other side at a like distance, and to show that the 
difference between these integrals may be made as small as we 
like by choosing a small enough. This shows that the value of 
the potential function at a point P changes continuously, as P 
moves normally through a surface distribution of finite super- 
ficial density. If matter could be concentrated upon a geo- 
metric line, so that there should be a finite quantity of matter 
on the unit of length of the line, or if a finite quantity of matter 
could be really concentrated at a point, the resulting potential 
function would be infinite on the line itself, and at the point. 


47. The Normal Force at Any Point of a Surface Distribu- 
tion. In the case of a strictly superficial distribution on a 
closed surface where the repelling matter is free to arrange 
itself at will, the inner surface of the matter (and hence the 
outer surface, which is coincident with it) is equipotential, and 
the resultant force at a point B just outside the distribution is 
normal to the surface and numerically equal to 47 times the 
surface density at B. This shows that the derivative of the 
potential function in the direction of the normal to the surface 
has values on opposite sides of the surface differing by 47, 
and at the surface itself cannot be said to have any definite 
value. 
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It is easy, however, to find the force with which the repelling 
matter composing a superficial distribution is urged outwards. 
for, take a small element w of the surface as the base of a tube 
of force, and apply Gauss’s Theorem to a box shut in by the 
surface of distribution, the tube of force, and a portion w! of 
an equipotential surface drawn just outside the distribution. 
Let F and F' be the average forces at the points of w and wo! 
respectively, then the surface integral of normal forces taken 
over the box is F'w'— Fw, and this, since the only active 
matter is concentrated on the surface of the box (see Section 
31), is equal to 270), where a is the average surface density 
at the points of the element w. This gives us 


' 
F=f? — 210, 
w@ 
Now let the equipotential surface of which o! is a part be 
drawn nearer and nearer the distribution ; then 


! 
lim”? =1, lim F!'=4r0, and F= 270, 
w@ 


F is the average force which would tend to move a unit quan- 
tity of repelling matter concentrated successively at the differ- 
ent points of » in the direction of the exterior normal, but the 
actual distribution on is o,, so that this matter presses on 
the medium which prevents it from escaping with the force 
27o,’; and, in general, the pressure exerted on the resisting 
medium which surrounds a surface distribution of repelling 
matter is at any point 270’ per unit of surface, where o is the 
surface density of the distribution at the point in question. 

We may imagine a superficial distribution of matter which is 
fixed, instead of being free to arrange itself at will. In this 
case the surface of the matter will not be in general equipoten- 
tial, but, if we apply Gauss’s Theorem to a box shut in by a 
slender tube of force traversing the distribution, and by two 
surfaces drawn parallel to the distribution and close to it, one 
on one side and one on the other, we may prove that the 
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normal component of the force at a point just outside the dis- 
tribution differs by 4ro from the normal component, in the 
same sense, of the force at a point just inside the distribution 
on the line of force which passes i, WEN the first point. 

It is sometimes convenient to denote the “charge” on a 
small area about a point P on a surface distribution by A’, 
and the rest of the distribution by A", and to consider sepa- 
rately the effects of A'and A”. If P, and P, are points on 
the normal to the surface drawn through P and near the 
surface on opposite sides of it; if V,', V," are the components 
in the direction PP, of the forces at P, due to A’ and A’ 
respectively, and if ,', V," are the corresponding components 
at P, in the direction PP,, then if P, and P, approach P, 


lim[Ny! + Ny" + Ny! + Ny] =4 20, 


where o is the density of the distribution at P. The force 
due to A" changes continuously as P; moves toward P,, however 
small A' may be, so that 


lim WN," =— lim Nj" and lim (Nj! + N;') = 470, 


and, by choosing A’ small enough, we may make J,’ to differ 
in numerical value as little as we please from lim J,’ or from 
210. 

If the surface distribution is equipotential, and if it shuts 
in a region of no force, then if P, is in this region, N,'=— 4", 
so that 1," and J," can be made to differ as little as one 
pleases in numerical value from 220 by making A’ small 
enough. Let the element of area covered by A! be w and the 
surface density of the charge on it o, then the force with 
which 4’ is urged in a direction normal to the surface by A" 
is wo-2ao0 within an infinitesimal of higher order than o. 
That is, whatever the sign of o, the surface distribution may 
be said to urge the surrounding medium outwards with a 
pressure in force units per unit of area which at P has the 
value 2 70, as we have already seen. 

It is easy to show that even if the surface distribution is 
not equipotential the components at P, and P, of the force 
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in any fixed direction parallel to the surface approach the 
same limit as P, and P, approach P. 

At any point P of an equipotential surface covered with a 
superficial distribution of density o the normal second deriv- 
ative of V has a discontinuity* of 420 (+ = z) where R, 

1 2 
and #, are the radii of curvature at P of two mutually per- 
pendicular normal sections of the equipotential surface. 


48. Green’s Theorem. Before proving a very general theo- 
rem due to Green,t of which what we have called Gauss’s 
Theorem is a special case, we will show that if S is any closed 
surface and U a function of x, y, and z, which for every point 
inside S§ is continuous, and single-valued, 


S ff PeU: derdy de = ( U- Dx ds, [140] 


where the first integral is to include all the space shut in by 
S, and the second is to 
be taken over the whole 
surface, and where D,x 
represents the deriva- 
tive of x taken in the 
direction of the eaxte- 
rior normal. 

To prove this, choose 
the coérdinate axes so 
that S shall he in the 
first octant, and divide 
the space inside the 
contour of the projection of S on the plane yz into elements of 
size dydz. On each of these elements erect a right prism cutting 
S twice or some other even number of times. Let us call the 
values of U at the successive points where the edge nearest the 


* C. Neumann, Math. Ann. 1880. Th. Horn, Zeitschr. f. Math. u. 
Phys. 1881. 

+ George Green, An Essay on the Application of Mathematical Analy- 
sis to the Theories of Electricity and Magnetism. Nottingham, 1828. 


92 SURFACE DISTRIBUTIONS. 


axis of x of any one of these prisms cuts S; Uj, U2, U3,->: U2, 
respectively; the angles which this edge makes with exterior 
normals drawn to S at these points, aj, ag, a3,--+a,,; and the 
elements which the prism cuts from the surface S; dsj, dso, 
ds,,---ds,,. tis evident that wherever a line perpendicular to 
the plane yz cuts into S, the corresponding value of a is obtuse 
and its cosine negative, but wherever such a line cuts out of S, 
the corresponding value of a is acute and its cosine positive. 
Keeping this in mind, we shall see that although the base of 
a prism is the common projection of all the elements which it 
cuts from S, and in absolute value is approximately equal to 
any one of these multiplied by the corresponding value of cos a, 
yet, since dady, ds,, ds, etc., are all positive areas and some of 
the cosines are negative, we must write, if we take account of signs, 


dy dz = —ds, cos a, = + ds, COS a2 = —d83COS a3 = ++. 


If the indicated integration with regard to x in the left-hand 
member of [140] be performed and the proper limits introduced, 
we shall have 


SS [P.Terdyde= ff dye — Ti+ U,— U3+ U,—-+-], [141] 


where the double sign of integration directs us to form a quan- 
tity corresponding to that in brackets for every prism which 
cuts S, to multiply this by the area of the base of the prism, 
and to find the limit of the sum of all the results as the bases of 
the prisms are made smaller and smaller. 

Since we may substitute for dydz any one of its approxi- 
mate values given above, we may write the quantity within 
the brackets 


U, cos a, ds, + U, C08 ay ds, + Uz cos ag ds, + +++, 


and this shows that the double integral is equivalent to the sur- 
face integral, taken over the whole of S, of U cosa, whence we 


may write 
SS fP.T-dedyde= { Veosads, [142] 
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where the first integral is to be taken all through the space 
shut in by S, and the second over the whole surface. 

Let P or (a, y, z) be any point of S, a, B, and y the angles 
which the exterior normal drawn at P to S makes with the 
codrdinate axes, and P'a point on this normal at a distance 
An from P. The codrdinates of P' are 


x+An-cosa, y+An-cosB, z+ An-cosy, 


and if W=f(a#, 7,2) be any continuous function of the space 
coordinates, 


Wp = f(z, Y) z), 


Wp =f(@+ Ancosa, y+ AncosB, z+ Ancosy) 
=f(@, y,2z) +Ancosa-D,f+AncosB-D,f 


Aa + An cos yD, f + (An)? Q, 
We — Wt = cosa: Dif + cos 8+ D,f+cosy-D,f+ An-Q, 
whence 


en ee D, Wp = cosa D, f-+-c0s 8 D,f+cosy D,f. [143] 
If, as a special case, W=x, we have D,«x= cosa; so that 
[142] may be written 


algb DU dedyde = { UD, «+s, [144] 


which we were to prove.* 

Green’s Theorem, which follows very easily from this result, 
may be stated in the following form: 

If U and V are any two functions of the space codrdinates 
which together with their first derivatives with respect to these 
coérdinates are finite, continuous, and single-valued throughout 
the space shut in by any closed surface 4, then, if ” refers to 
an exterior normal, 


* This theorem has been virtually proved already in Sections 29 and 49, 
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SS D.0-D.V + D,U-D,V + D,U-D,V) derdy de 


={U-D,YV- as—{f {U- V’Vededydz [145] 
={V- D,,U-ds ~{f fv: V'U- dadydz, [146] 


where the triple integrals include all the space within S and the 
single integrals include the whole surface. 


Since D,U:D,V=D,(U:D,V)—U-D?2V, 
we have ane D,U0-D,V + dxdy dz 
=i { [D.W- D,V) dx dy dz -{f fu: D2V-dady dz; 
but, from [144], 


Af) DA{U-D,V )dedydz = ( U-D,V- Dye ds, 


whence fff @u-d, V ) da dy dz 
=[U-D.V-Dyv-ds— ff (U-D2V-dedydz. [147] 


If we form the two corresponding equations for the deriva- 
tives with regard to y and 2, and add the three together, we shall 
obtain an expression which, by the use of [143], reduces im- 
mediately to [145]. Considerations of symmetry give [146]. 


If we subtract [146] from [145], we get 
SS (U-VV—V- VU) dedy de 
= { (U-D,V—V-D,U)as. [148] 
In applying Green’s Theorem to such spaces as those marked 


Tin the adjoining diagrams, it is to be noticed that the walls 
of the cavities, marked S' and S§", as well as the surfaces, 


GREEN’S THEOREM. 95 


marked S, form parts of the boundaries of the spaces, and that 
the surface integrals, which the theorem declares must be taken 


Ps 
CEE 


Fic. 35. 


over the complete boundaries of the spaces, are to be ex- 
tended over S' and S" as well as over 8S. We must remember, 
however, that an exterior normal to Z, at S' points into the 
cavity C'. 


If U and V both satisfy Laplace’s Equation, the second 
member of [148] is equal to zero. 


If within the closed surface S the functions A, U, and V 
are continuous, and if the first derivatives of U and V are 
continuous (the first derivatives of X and the second deriva- 
tives of U and V being finite), 


jae \(D,U-D,V + D,U-D,V + D,U-D,V) dxdyde 


=f fru-D, Vas — { f [U[D,A-D.V) 


+ D,(d-D,V)+ D,(4-D,V)|dadyde [149] 
=f fav. v,vas— ff [7[D.Q-D,v) 
+ D,(d-D,U) + D,(A« D,U) Jdexdy de. 


Special Cases under Green’s Theorem. Applications. 


I. If in [145] we put U=1, we learn that if V is any function 
which within and on the closed surface S is finite and contin- 
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uous, together with its derivatives of the first order, the surface 
integral of D,V taken over S is equal to the volume integral 
of V?V taken through the space shut in by S. If V happens 
to satisfy Laplace’s Equation within S, the surface integral 
is equal to zero. This result should be compared with Gauss’s 
Theorem, treated in Section 31. 


II. If in[145] we make U equal to V, the potential function 
due to any distribution of matter, and assume that, in the 
general case, some of this matter is spread superficially on a 
surface S (or on a number of such surfaces), we may shut in 
S by two other surfaces, S, and S,, parallel and very close to 
it. We may then apply Green’s Theorem to so much of the 
space within a spherical surface, with centre at some con- 
venient fixed point and radius r large enough to include 
the whole distribution, as does not he between S, and &%. 
This gives 


ia, [(D,V)? + (D,V)? + (D,V)?] da dy dz 


= [V-D,Vas'— (V-D,Vas,— [V-D,,V as, 


— ff [Vv dedyde, 


where the first surface integral is to be extended over the 
spherical surface, the second over S,, and the third over S8,, it 
being understood that m, represents a normal to S, taken in 
the direction away from S, and m, a normal to S, taken in the 
direction away from S. Since V is continuous at S, while its 
normal derivatives are discontinuous in the manner indicated 
by the equation D,, V+ D,,V = — 47, the limit of the sum 
of the two surface integrals taken over S, and S, as these 


surfaces approach S is 4m { Vods. The value of the first 


surface integral is equal to 47r? times the average value of 
V-D,V on the surface; and,if this be written in the form 47 
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[average value of V(r’?D,V)], it is evident that the integral 
approaches zero as the radius 7 is made infinite, so that the 
field of the triple integrals may embrace all space. Since 
V*?V =—4rnp, the whole second member of the equation 


represents 4 7 lim) V Am extended over all the distribution, 


and this is 8 x times the intrinsic energy of the distribution. 
The first member of the equation represents the volume integral 
of the square of the resultant force extended over all space. 
We may write this result in the form 


W=z-( ff Rdedyde [150] 
8x 


III. If in [145] we make U= V=u, any function which 
within the closed surface S satisfies the equation V?u = 0, we 
shall have 


Sf fe CDi)2-- CD 6)? - (Du) | eedace = [u-D,u- dS. [151] 


IV. If in [148] V is the potential function due to two dis- 
tributions of active matter, M, inside the closed surface S and 


M, outside it, and if U= . where r is the distance of the point 


Fic. 36. 


(x, y, 2) from a fixed point O, we must consider separately the 
two cases where OQ is respectively without S and within S. 

r 
face. Also, V7V = — 4 7p, so that 


A. If O is without S, v( *) = 0 for points within the sur- 
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ip r a 


The triple integral is evidently equal to the value at the point 
O of the potential function due to M, alone. If we call this VY, 
and notice (see [143]) that D,r at any point of S is the cosine 
of the angle 8 between 7 and the exterior normal to S, we have 


4 as+{—S*as=— 40%, [152] 


If Sis asurface equipotential with respect to the joint action 
of M, and M,, and if we denote by V, the constant value of 
V on S, we have 


fA" as+ rj i ae 


ye 


and it is easy to show, by the reasoning used in Section 31, 


that { S dS = 0, whence 


, 


Vaee Ne ds [153] 


B. If O is a point inside S, whether or not it is within 14, 
and if S is equipotential with respect to the action of WM, and 


& 
© 8 


Fie. 37. 


M,, we will surround O by a small spherical surface S!' of 
radius 7 and apply [148] to the space lying inside S and 
without the spherical surface. In doing so, it is to be noticed 
that S' forms part of the boundary of the region we are deal- 
ing with, and that an exterior normal to the region at S! will 
be an interior normal of the sphere. 
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Since for all points of the region we are considering v2 eo : 
ie 
we have 


D 
fretas— (7 as'—v, f v,(4)as+fr-v,(4)as! 
if ih Tr tii 
=-4rf f [Pdedyde; 


or, since dS'=r'?dw', where dw! is the area which the elemen- 
tary cone the base of which is dS' and the vertex O intercepts 
on the sphere of unit radius drawn about O, 


I oF aS — 0! ( D.V-du! — f Vee! 
Saeeppe dx dy de. [154] 


It is easily proved, by the reasoning of Section 31, that 


[Sas = 4, 


and it is clear that if 7’ be made smaller and smaller, the third 
integral of [154] approaches the limit zero. If V' is the 
average value of V on the surface S’, 


ff Vo! = V' f do! =V' de; 


and as 7’ is made smaller and smaller this approaches the 
value 47V,, where V, is the value of V at O. The value, 
when 7’ is zero, of the triple integral is evidently V,, and we 
have 


DV 


aV,—42Vo=—47V,. 


If V, is the value at O of the potential function due to M, 
alone, Vp = V, + V2, so that 
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= ls. [154,] 


If § is not equipotential with respect to the action of M, 
and M2, we have 


tat =f as—f y-,(2)as. [154,] 


V. If in [148] we make U= where 7 is the distance of 


the point (x, y,z) from a fixed point O, and if V=v, any fune- 
tion harmonic everywhere within the closed surface S, we 
shall have 


ee af Vin @ ie af ae dS, [155,} 


if O is within S, and 


f2Xas=fo-p, eS ds, [155,] 


if O is outside S. 


VI. The closed surface S encloses a region 7, and excludes 
the rest of space, Z,. A function V is continuous and has 
finite first and second derivatives everywhere in the field of 
Green’s Theorem. The first derivatives are everywhere con- 
tinuous except at certain surfaces, S,'! in 7, and S,' in 7, 
where the tangential derivatives are continuous, and the nor- 
mal derivatives discontinuous in the manner indicated by the 
equation 


D,,V + D,,V = —8. 


At infinity V vanishes like the Newtonian Potential Func- 
tion due to a finite distribution of matter. If U is the recip- 
rocal of the distance from a fixed point O, and if we apply 
Green’s Theorem to U and V, using successively as fields, 7; 
when O is in ZY, 7, when O is in 7,, 7, when O is in 7, and 
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7, when O is in 7Z,, and representing by n a normal to S 
pointing into 7, in all cases, we learn that the expression 


-{ ff ZeeDass ff2Las\ 


& ah yp,(*)as— ff 2X as} 


is equal respectively to 


Sfras-ff VT an [156,] 
—4nFot ff * aS,' — 1a6 VT ar [156,] 
= if: f : dS,! + af jf if VT ary [156,] 
4nVo,—ff 2 dS! + SSS WT are [156,] 


If there is no surface S' at which the normal derivative 
of V is discontinuous, and if V satisfies Laplace’s Equation 
everywhere within S, the expression 


ol Veos(n,r) , DV 
ASS ( ~ ‘ r )as 


is equal to zero or to the value of V at O according as O is 
without or within S. 

If, now, S is a spherical surface of radius a, and if O, is 
distant 2, from the centre C, the distance from C of O,, the 
inverse point of O, with respect to S may be denoted by i, 
where J.J, =a’. If 7, and r, represent the distances of any 
point P from O, and O, respectively, then, if P lies on S, 


1 /%, = 1/4, 
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L,? = 1,2 + a? —2 70-008 (71, 2), 
1,7 = 7,7 + a? — 27r,a- COS = Be 


cos(71, 2) & COS(T, 2) _ a — 1° 


and Tes a Se = 
ee L, Up 


In this case, 


deal (ass (ieee es 
oO) ry re 
and o=( (7 as4 fae (% ) ag 
%% Yr 
=2f frFas+ ff ea ") ag, 
2 


so that it is easy to eliminate D,V by multiplying the second 
equation by a //, and subsracting the members from those of 
the first equation. The result is 


a, COS (71, 2) . @ COS (19, 2) 
4rVo, =Sfr( eee m2 = oars ) ds, 
V (a? — = =) 
or Vo, = Sf cs ag [157] 


aide Vie=—i Ads : 
Fea [a Se ge Sag 2 al, COS (a, Ue Sie 


This integral determines V at every point within S when 
its value is given at every point on S. If O, is at the centre 


of Sl, =0, and 7, =a, so that Vp, = a f fi VdS, or the 
T 


average value on a spherical surface S, of a function V, har- 
monic within and on S is the value of V at the centre of S. 
It follows from this that a function which is harmonic about 
a point O cannot have at O either a maximum or a minimum 
value. 
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If a function V is constant on any analytic surface S, is 
harmonic without S, and if it vanishes at infinity like a New- 
tonian Potential Function, 


and V is the potential function in outer space due to a super- 
ficial distribution on S of surface density — D,V /4 7. 


VII. A function V has the value zero everywhere on the 
closed surface S,, and the constant value C on the closed sur- 
face S,, shut in by S,. In the space 7, between S, and S,, V 
is harmonic. If we apply Green’s Theorem, in 7, to V and 
to the reciprocal of the distance from any point O in Z, we 
learn that 


Af (RL a4 4 f (RL 
Vso=qaN J r LS sora r dS2y 


where both normals point out of 7. 

V is, therefore, the potential function due to surface distri- 
butions on S, and S, numerically equal to D,V/47 at every 
point. 


VIII. If the closed surface S shuts in a region 7, and if 
the functions V and V’', which are equal at every point of S, 
are finite and continuous with their derivatives of the first 
order at every point of 7, and if within 7, V does and V' 
does not satisfy Laplace’s Equation, then the integral 


Qr= ff flr + (D,V)? + (D,V)?]dx dy dz, 
extended throughout 7’ is less than the corresponding integral 
oe =f f[lO.ry + DV) + DV \dedy de, 


If we write V'= V + u, w vanishes at every point of S, but 
is in general different from zero. 
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y 
= Qyt+ a, +2( f ([D : ‘Ds V+Dyu 6 Dy V+Dyu.- JB). V |dadydz 


=Qy+Q.+2 [ [u-D,VaS—2 ff fu VV dedyde 
=Qy+ Y.. 


Now, since the integrands of Q,, and @, are made up of squares, 
and since neither w nor V are constants, both Q, and Q, are 
positive, so that Op >Qy- 


IX. There cannot be two different functions, W, and W,, 
which have equal values at every point of S, and S, (two 
closed surfaces the first of which shuts in the second), and 
between these surfaces are everywhere harmonic. If we 
suppose, for the sake of argument, that two such functions 
exist and call their difference wu, it is clear that wu is harmonic 
between the surfaces and that it vanishes at every point of 
both S, and S, If, therefore, in [145] we make VU =V =u, 
we learn that 


af ik [(D,u)? + (D,w)? + (D,u)?]dadydz = 0, 


where the integral extends over all the space between S, and 
S,. Since the integrand cannot be negative, it must be zero at 
every point, so that D,w = D,uw = D,w = 0 and wu is constant. 
But wu = 0 on Sj, therefore it is identically equal to zero and 
W,= Wy. 

It is easy to show that two functions which have equal 
normal derivatives at every point of S, and S,, and are har- 
monic everywhere between the surfaces, can differ only by a 
constant. 


X. We may now give an old proof of a theorem, originally 
discovered by Green from physical considerations, which is 
usually called Dirichlet’s Principle by Continental writers, 
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but in English books is generally attributed to Sir W. Thom- 
son.* This theorem asserts that there always exists one, but 
no other than this one, function, v, of x, y, z, which (1) is 
continuous, and single-valued, together with its first space 
derivatives, throughout a given closed region 7’; (2) at every 
point of the region satisfies the equation V?v = 0; and (3) at 
every point on the boundary of the region has any arbitrarily 
assigned value, provided that this can be regarded as the value 
at that point of a single-valued function, continuous all over 
this boundary. 

There is evidently an infinite number of functions which 
satisfy the first and third conditions. If, for instance, the equa- 
tion of the bounding surface S of the region is F(a, y, z) = 0, 
and if the value of v at the point (a, y, 2) upon this surface is 
to be f(x, y, 2), any function of the form 


O(a, y, 2) - F(a, y, z) + f(a, y, 2) 
would satisfy the third condition, whatever continuous function 
® might be. 

If we assign to the function to be found a constant value C 
all over S, v= C will satisfy all three of the conditions given 
above. 

If the sought function is to have different values at different 
points of S, and if for uw in the integral 


Q= iy f ih [(D,u)? + (D,u)? + (D,u)?] dae dy dz, 
which is to be extended over the whole of the region, we sub- 
stitute any one of all the functions which satisfy conditions 
(1) and (3), the resulting value of @ will be positive. Some 
one at least of these functions (v) must, however, yield a 
value of @ which, though positive, is so small that no other 
one can make @ smaller.f Let / be an arbitrary constant to 


* W. Thomson, Liouville’s Journal, 1847. Dirichlet’s Vorlesungen, 
Bacharach, Abriss der Geschichte der Potentialtheorie. 

+ A principle which will doubtless lead to a justification of this by no 
means self-evident assumption was pointed out by Hilbert in a remark- 
able paper read before the Deutsche Mathematiker-Vereinigung in 1899. 
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which some value has been assigned, and let w be any funce- 
tion which satisfies condition (1) and is equal to zero at all 
parts of S, then U =v + Aw will satisfy conditions (1) and 
(3), and, conversely, there is no function which satisfies these 
two conditions which cannot be written in the form J=v-+ hw, 
where / is an arbitrary constant, and w some function which 
is zero at S and which satisfies condition (1). 

Call the minimum value of Q due to v, Q,, and the value of 
@ due to U, Qy, then 


Qu=Q. 42h 6 [ [ (Der-Dgo+ Dy Dywot Dev- D0) dedy dz 


+ me ef [ (D,w)? + (Dw)? + (Dw)?)] da dy dz, 


which, since w is zero at the boundary of the region, may be 
written, by the help of Green’s Theorem, 


Qe—-Q, = —2 hf [wvivdedy de + 1707. 


Now, since Q, is the minimum value of Q, no one of the 
infinite number of values of @,,—Q, formed by changing h 
and w under the conditions just named can be negative; but 
if V?w were not everywhere equal to zero within 7, it would 
be easy to choose w so that the coefficient of 2 4 in the expres- 
sion for Y,,— Y, should not be zero, and then to choose h so 
that Q, — Q, should be negative. Hence Vv is equal to zero 
throughout 7, and there always exists at least one function 
which satisfies the three conditions stated above. Compare 
VULI. 

There is only one such function; for if beside v there were 
another w = v + hw, we should have, since the coefficient of h 
is zero when Vv = 0, 


Qu= Qo + #07, 


and that Q,, may be as small as @,, 2Q must be zero, whence 
either h =0 or Q=0, and if Q=0, w is zero. Therefore, 
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u =v, and there is only one function which in any given case 
satisfies all the three conditions given above. 


XI. The potential function V, due to a volume distribution 
of finite density p in the region Z and a superficial distribu- 
tion of finite surface density o on the surface S, is everywhere 
continuous, and it so vanishes at infinity that, if 7 is the dis- 
tance from any finite point, each of the quantities 


rV, —7*D,V, 


as r becomes infinite, approaches the limit M@, where I is the 
amount of matter (algebraically considered) in the whole dis- 
tribution. The first derivatives of V are everywhere finite, 
and they are continuous except on S, at every point of which 
tangential derivatives are continuous, while the normal deriva- 
tive is discontinuous in the manner indicated by the equation 


D,,V + D,,V =—Ar, 


where m, and , are the normals to the surface drawn away 
from it on each side. The second derivatives of V are every- 
where finite, and they are continuous except at surfaces where 
p is discontinuous. At any point on such a surface the tan- 
gential second derivatives are continuous, but the normal sec- 
ond derivative is discontinuous by an amount equal to 47 
times the discontinuity in p reckoned in the direction opposite 
to that in which the derivative is taken. Everywhere, except 
at surfaces of discontinuity in p, V satisfies Poisson’s Equa- 
tion, V7V = — 4 zp, and without 7, where there is no matter, 
this degenerates into Laplace’s Equation. 

For a given value of p in the given region 7, and a given 
value of o on the given surface S, only one function has all 
these properties. Assuming that there are two such functions, 
V and V', let their difference be the function u. At every 
point of S, 


4 ORS) en Lh oe De Ts Dy! aa 4 ro, 
so that D,, ot D,,ju a 0, 
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and even the normal derivatives of u are continuous at every 
point of S. At surfaces of discontinuity in p, the derivatives 
of w are all continuous and w satisfies everywhere Laplace’s 
Equation. The limits, as r becomes infinite, of rw and 7?D,u 
are zero. Since w with its first and second derivatives is 
everywhere continuous, we may imagine a spherical surface 
of large radius 7, drawn about any finite point O, as centre, 
so as to enclose all the attracting mass and apply Green’s* 
Theorem in the form of [151] to wu inside this surface. The 
numerical value of the surface integral 


fi u Duds 


taken over the spherical surface is no greater than the area 
of the surface (4 77”) multiplied by the largest value which 
u-D,w has on the surface, or 


47 [greatest value of (w7?D,u) ]. 


If, now, the radius of the surface be indefinitely increased, 
this expression approaches the limit zero so that the integral 


LS [tant + Dyn? + Dar tedyae 


taken over all space has the value zero. Since the integrand 
is made up of squares which can never be negative, we must 
have at every point of space 


Duw= Du= Du= 0. 


Therefore, w is constant in all space; and since it is zero at 
infinity, it must be everywhere zero, so that V and V' are 
identical. It is to be understood that Z may be made up of 
several distinct regions, and that S may consist of several 
distinct surfaces. 
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49. The Surface Distributions Equivalent to Certain Volume 
Distributions. Keeping the notation of IV. in the last article, 
let S be a closed surface equipotential with respect either to 
the joint action of two distributions of matter, M, inside S and 
M, outside it, or (when MM, equals zero) to the action of a 
single distribution within the surface; and let Vi, Vj, and V 
be the values of the potential functions due respectively to M, 
alone, to M, alone, and to M, and M, existing together. If a 
quantity of matter were condensed on S so as to give at every 


—D,V 


point a surface density equal to , the whole quantity of 


matter on the surface would be 


= f. D,V-ds, 


and this, by § 31, is equal in amount to M@. Let us study the 
effect of removing M, from the inside of S and spreading it in 
a superficial distribution M,' over S, so that the surface density 
—D,V 


Tv 


at every point shall be In what follows, it is assumed 


that we have two distributions of matter, one inside the closed 
surface and the other outside. It is to be carefully noted, how- 
ever, that by putting M, equal to zero in our equations, all our 
results are applicable to the case where we have an equipotential 
surface surrounding all the matter, which may be all of one kind 
or not. 

The value, at any point O, of the potential function due to 
the joint effect of M, and the surface distribution 4’, would be 


‘ Logpee 
Vo=Vi— 7 fa" ds. 


If O is an outside point, we have, by [153], 
Vo =V,+ Ni, 


sv that the effect at any point outside an equipotential surface 
of a quantity M@, of matter anyhow distributed inside the sur- 
face is the same as that of an equal quantity of matter dis- 
tributed over the surface in such a way that the superficial 
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density at every point is =?" , where V is the value of the 
potential function due to the joint action of M, and any matter 
(M,) that may be outside the surface. 
If O is an inside point, we have, 
Vo=VitV,—Vi=V., 

which shows that the joint effect of , and ™,' is to give to all 
points within and upon the surface the same constant value of 
the potential function which points upon the surface had before 
M, was displaced by M'. If, therefore, MZ,’ and M, exist without 
M,, there is no force at any point of the cavity shut in by S; 
or, in other words, the force due to M,' alone is at all points 
inside S equal and opposite to that due to 4. 

If M, and M, exist without MM)’, the cavity enclosed by S is, in 
general, a field of force. M,' acts as a screen to shield the spase 
within S from the action of M. 

The surface of M,' is equipotential with respect to all the 
active matter, so that there is no tendency of the matter com- 
posing the surface distribution to arrange itself in any different 
manner upon S. 

Since M,' exerts the same force on every particle outside 
S that 1, did, and since action and reaction are equal and 
opposite, every particle of J, exerts on J,' forces the result- 
ant of which is equal to the resultant of the forces with 
which the same particle urged M,. The resultant effect, 
therefore, of the action of MZ, on M,' is the same as the 
resultant effect of its action on M,. Now the whole system 
of forces applied to the surface distribution by JM, and by 
the repulsions for one another of its own parts is equivalent 
to a tension from without of 2 70? dynes per square centi- 
meter applied all over S, and since the internal forces form 
a system in equilibrium, the resultant effect of M, on M, 
is equal to the resultant effect of the tension just mentioned 
on M,'. 

If two closed surfaces, S, and S,, which mutually exclude 
each other, shut in, respectively, the two portions, M,, M,, of a 
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distribution M, and are level surfaces of M’s potential function, 
it is easy to see that a superficial distribution on S, of density 
o=— D,V/4 x would act on a particle without S, just as 1, 
does, and that a similar distribution on S, would act on parti- 
cles outside of S, as M, does. The action of M, on M, is the 
same as the resultant effect of the tension 2 ro? or (D,V)?/8 
considered as acting all over S;,. The surface integral of 
— D,V/4m extended over any closed surface has been called 
by Maxwell the “electric displacement” through the surface. 


50. Vectors. Stokes’s Theorem. The Derivatives of Scalar 
Point Functions, It is frequently convenient to define a 


vector by giving the values (tensors) of its components paral- 
iel to the coérdinate axes; and if for our present purposes we 
call these “the components of the vector,” no confusion will 
arise. The expression (Q,, Q,, Q.) denotes a vector, Q, the 
components of which parallel to the axes of x, y, and z are 
respectively equal to @,, Y,, and Q,. The direction cosines of 
the vector are the ratios of Q,, Q, Q, to VQ7+ Q7 + Q?. 
The letter which represents a vector is often used in scalar 
equations to denote merely the tensor. Sometimes, however, 
the heavy face letter (Q) is used to denote the vector, while 
its tensor is represented by the same letter in ordinary type. 
Any three scalar point functions can be considered the com- 
ponents of a vector point function. Scalar and vector point 
functions are sometimes called “distributed” scalars and 
vectors. Where there is no danger of any misunderstanding 
a vector point function may be called simply a vector. 

The scalar function D,@, + D,Q, + D.Q, is called the diver- 
gence of (, and if this quantity vanishes identically, Y is said 
to be a solenoidal vector. The force due to any finite distri- 
bution of matter attracting or repelling according to the “ Law 
of Nature” is solenoidal in empty space. The negative of the 
divergence of a vector is called its convergence. 

The vector, the components of which taken parallel to the 
coordinate axes are the three scalar point functions, 


DO: 7. DQy DQ a DQ: DQ, na Dy Qa» 
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is called the curl of Q; and if these components vanish at every 
point of a region, @ is said to be damedlar in that region. If 
the vector R is the curl of the vector Q, Q is said to be a 
vector potential function of R. The force due to a finite dis- 
tribution of attracting or repelling matter is lamellar within 
and without the distribution. The curl of any vector is 
itself solenoidal. If two vectors have the same curl, their 
difference is a lamellar vector. 

The lines of a vector are a family of curves, one of which 
passes through every point of space, and each of which has 
at every one of its points the direction of the vector at the 
point. The differential equations of the lines of the vector Q 
are evidently dx /Q,, = dy /Q, = d /Q,: 
after the values of Q,, Q,, and Q, have been substituted, we 
have two equations of the form 

dx 


dy 
cate $ (a, Y;, %), = (x,y; )5 


whence we get, by differentiating, 


dx dx 

qe = Dot 7, + Pid + Di, 
dy dy 

adzt Wot Diya + Dw; 


and, by eliminating y between the first and third equations, 
and « between the second and fourth equations, two equations 
of the second order between x and 2 and between y and z 
respectively. The integrals of these last equations are the 
equations of the lines of the vector. Sometimes the variables 
may be separated at the start, and then the work is much 
simplified. The lines of the vector (— a, y, z) have the equa- 
tions y= Az, «log (By)=1, and those of the vector (8az — yz, 
xz+ yz, 2), the equations x=(B+A-+ Bz) e*, y= (A+ Bz) e**, 
where A and B are arbitrary constants. 

If m represents the exterior normal of any closed surface S, 
the integral taken over S of the exterior normal component 
of the analytic vector Q is 
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if Q cos (n, Q) dS 


= Te Q [cos (x, Q) cos (x, m) + cos (y, Q) cos (y, 2) 
+ cos (2, Y) cos (2, n)]dS 
“ if [Q, cos (a, 2) + Q, cos (y, n)+ Q, cos (z, n)] dS; 


and this is equal to the volume integral of the divergence of 
@ taken through the space within S. The integral of the 
exterior normal component of any analytic solenoidal vector. 
taken over any closed surface, is zero. 


An important theorem due to Sir George Gabriel Stokes 
may be stated as follows: 

The line integral taken around a closed curve s, of the tan- 
gential component of an analytic vector point function Q, ts 
equal to the surface integral taken over any surface S, bounded 
by the curve, of the normal component of the curl of the vector, 
the direction of integration around the curve forming a right- 
handed screw rotation about the normals, or 


f@ cos (x, s) + Y, cos (y, 8) + Y, cos (2, s)]ds 


=f fle. ime D,Q,) cos (x, n) 
+ (D.Q, — DQ.) 608 (y, 2) 
+ (D,Q, — D,Q,) cos (z, n)]d8. [158] 


To prove this, we may evaluate first so much of the double 
integral as involves Q,, that is, 


if [_D.Q,- cos (y, n) — D,Q,- cos (z, n)]d8. 


Let the area S be divided into quadrilateral elements by 
means of equally spaced planes parallel to the planes of zy 
and xy respectively, and consider especially one of these 
elements, AS, the projection of which on the xz plane is Az - Az, 
so that AS-cos (y, n) = Ax: Az approximately. 
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That corner of the element AS which has the least « and z 
codrdinates shall be the point P, and that side of the element 
which passes through P and is parallel to the plane of yz 
shall be represented by As, Since As, is perpendicular both 
to the normal to S at P and to the axis of 2, cos (a, s:)= 9, 


and cos (n, $1) = Cos (a, 7) - COs (a, s:) + cos (y, 2) - COS (Y, $1) 
+ cos (2, ”) - Cos (2, $1) = 0, 


i cos (z, @) - C08 (% $1) _ __ gos (y, 54). 


cos (y, 7) i 


Fic. 38. 


Moreover, D,,Q,=9+ (D, Q,,) cos (Y, 8) + (D.Qz) 008 (2, $1), 
dxdz _  dadz ds, Ey ae cos (2, $1) ; 


and SSS = See 
cos (y, 2) ds, cos (y, 2) cos (y, 7) 
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Hence, Sf f0P.0. -cos (y, 2) — D,Q,.- cos (2, n)]dS 
=f fiw n) - COS (2, $;).D.,, — C08 (#, 2) C08 (, 81) DQ, |ds,dx 


COS (Y, 2) 
- dp if [D.Q,,- 00s (z, s,) + D,Q,-cos (y, s;)]ds,dx 


= f - D,,Q,- ds, de. 


If we perform the integration with respect to s, and intro- 
duce the limits, it will appear that this integral may be found 
by proceeding around the contour s in the direction indicated 
in the theorem and determining the line integral of 


d. 
Q, = ds = Q,- cos (a, s) ds, 
where ds is an element of s. If we treat in a similar manner 
those portions of the double integral which involve Q, and Q., 
the theorem will be evident. 


According to the definition used in the preceding sections, 
the numerical value of the directional derivative of any scalar 
point function wu, at any point /P, in any fixed direction PQ’, 
is the limit, as P@ approaches zero, of the ratio of u,— up to 
PQ, where Q is a point on the straight line PQ’ between P 
and QY'. The gradient h, of the function uw at P is the direc- 
tional derivative of u at P taken in the direction in which 
wu increases most rapidly. ‘This direction is normal to the 
surface of constant u which passes through P. 

h2 = (Dail)? + (Dy)? + (Dey 

The directional derivative of any scalar point function 
at any point in any given direction is evidently equal to 
the product of the values of the gradient and the cosine of 
the angle between the given direction and that in which the 
function increases most rapidly. 

The vector, the components of which parallel to the codrdi- 
nate axes are numerically equal to D,u, D,u, D,u, has been 
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called the vector differential parameter of u. The numerical 
value (tensor) of this vector at any point is the gradient of u 
at the point, according to some writers ; others use “gradient ” 
to represent the vector itself. The lines of the vector are 
curves which cut orthogonally the surfaces of constant u, that 
is, the family of surfaces the equation of which is wu =e, where 
c is a parameter constant for any one surface of the family. 

If f(x, y, 2) 1s any scalar point function, any vector func- 
tion the lines of which cut the surfaces of constant f normally 
must have components &-D,f, k-D,f, R-D.f, where f& is 
some function of xz, y, and z. The curl of this vector has 
components. Df. Dh — Df DR; Dif: Dh. — Dif oD, 
D,f-D,R — D,f:D,R, and the cosine of the angle between 
the vector and its curl is zero, so that these two vectors are per- 
pendicular to each other. If a vector has a curl which is not 
perpendicular to it at every point, no family of surfaces exists 
the members of which cut the lines of the vector orthogofially 
at every point of space. Every plane vector point function 
has for its curl a vector perpendicular to its plane. The 
vector (3 yz, xz, xy) is not lamellar, but it is perpendicular to 
its curl: its lines cut orthogonally the family of surfaces 
x®yz = ¢, as do the lines of the lamellar vector (3 xyz, xz, x*y), 
each component of which is 2? times the corresponding 
component of the first. 

If the ratios of the corresponding components of two vector 
point functions are all equal to the same scalar point function, 
the vectors have the same lines. ‘Two lamellar vectors may 
have the same lines, thus: the lines of every vector of the 
form [ f(x), 0, 0,] are parallel to the axis of x, and every such 
vector is lamellar, whatever analytic function f may represent. 

We may define the numerical value of the normal deriva- 
tive at any point P of a scalar point function uw, taken with 
respect to another scalar point function v, to be the limit, as 
PQ approaches zero, of the ratio of ug — up to vg — vp, where 
@ is a point so chosen on the normal at P of the surface of 
constant v which passes through P that vg— vp is positive. 
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If (wu, v) denotes the angle between the directions in which u 
and v increase most rapidly, the normal derivatives of u with 
respect to v, and of v with respect to u, may be written 


h,,-cos(u, v)/h, and h,-cos (u, v) /h, 


respectively. If h, = h,, these derivatives are equal. 

The derivative of xyz with respect to x + y+ has at the 
point (1, 2, 3) the value 11/3. The derivative at the same 
point of x + y + 2 with respect to xyz is 11/49. 


51. The Attraction of Ellipsoids. If we transform the 
equation 


to parallel axes, using a point A), which lies on the surface 
and has the coédrdinates (— a, — yo, — %) a8 origin, and then 
denote by @ the angle which any radius vector drawn through 
A, makes with the x axis, the equation of the surface in polar 
coordinates takes the form 


ee (= 6 ol sin? 6 cos? & f sin? 6 sin? #) 
a? bo? C 
ZCcosd  ysindcosd , % sind sing 


If A, were at that extremity, A, of the a axis which has the 
coérdinates (— a, 0, 0), the equation would be 
R (= 0 8 sin? 6 cos? 4 sin? 6 sin? *) in 2 cos 6 ; 


ar 6? co a 


we will denote the coefficient of #& in this equation by 0 (6, ¢). 

Let us compare the x components of the attraction at A, and 
at A, due to a homogeneous ellipsoid of density p bounded by 
this surface. If, with each of these points as origin, a set of 
(conical) surfaces of constant 6 with the constant difference 
A@, and a set of (plane) surfaces of constant ¢ with the con- 
stant difference Ad, be imagined drawn, the ellipsoid will be 
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divided into elementary “cones” in two ways. The vertices 
of all the cones of one system will be A, and the vertices of all 
the cones of the other system will be Ay. To every cone of the 
first system corresponds a cone with parallel axis belonging 
to the second system, but whereas every cone of the first 
system yields a positive contribution to the x force compo- 
nent at A, some of the corresponding cones of the second 
system yield negative components to the corresponding force 
component at A). 

We shall find it convenient to write in parentheses after R 
and 7! the value of 6 and ¢ to which they belong, and to note 
that rn 9, 7+) = — "'@,6y 

If the values of 6 and ¢ which correspond to a given cone 
of the first system are 6) and ¢o, the values of 6 and ¢ which 
belong to the corresponding cone of the second system may 
be either 6, and ¢), or r— 6 and z+ ¢,. The contribution of 
any cone of the first system to the x component of the force at 
A is 


ee cos 6 ; 
rf r? sin Odrdédd¢ - aa pL, 4) Sin 6 cos 6déd¢, 


and the contribution of the corresponding cone of the second 
system to the « component of the force at A, is either 


pro, ¢) Sin 6 cos Odbdd or prg—o, 4+) Sin 6 cos Odbdd, 


as the case may be. 

If, now, we group together two cones of the first system 
corresponding to (6, ¢)) and (6, «+ )) respectively, we 
may write the positive contribution coming from this pair in 
the form 

4 cos? 6, 

a:-Q (9%, do) 

The values of 6 and ¢ for the corresponding cones of the 

second system are one of the pairs 


(9%, ho; % «+ do); (8, 03 a — Oy do), 
(3 — %, a+ do3 9%) at + dp), or (w= Oo, a+ dy3 7 — 9, fy): 


p sin 6,dbdd 


GREEN’S THEOREM. 119 


The two values of 6 and ¢ of either of these pairs give equal 
and opposite values to 


(4: Boe $ . % sin oan *) eg: 
c 

so that the positive contributions of this pair of cones of the 

second system is 

4 x, cos? 4, 

a’ (9, fo) 


This contribution to the « component of the force at A, is to 
the contribution of the corresponding cones of the first sys- 
tem to the corresponding force component at A as a, to a. 
Therefore, the x component at A, of the attraction due to the 
whole ellipsoid is to the corresponding component at A as 2, 
to a. 

If, then, we know the values (Xj, Yi, Z,) of the attraction 
due to a homogeneous ellipsoid bounded by the surface 


p sin 6, ddd 


at points on the surface at the negative extremities of the 
semiaxes a, 6, c, we may find the numerical values of the com- 
ponents parallel to the codrdinate axes of the attraction at any 
point (— %, — Yo, — %) on the surface from the equations 


X= MX, /a, Yo=YWVi/b, 24=%4,/c. 
The attraction X, at A can be easily found* by adding 
together the contributions coming from all the elementary 


cones with vertices at A into which the ellipsoid is divided, 
that is, 


1/2 20 : 
AG= of sin 6 cos oa0 f Re, 4), or, since 


* See Routh’s Analytical Statics, Vol. II, §§ 182-221. Tarleton’s 
Mathematical Theory of Attraction, §§ 21-24 and 82-105. Schell’s 
Theorie der Bewegung und der Krdfte, pp. 690-716. 
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2 ab’c* cos 6 
bc? cos? 9 + a*c? sin? 6 cos? @ + a*b? sin? 6 sin? 
i 2 ab*c? cos 6 
~ u+vcos?d +w sin? 


2 2 STEAL PL 
Xa = 8 ab7e- eh ‘sin 6 cos 7 aa Se 


m/2 do 
noe aft u+vcos?d+wsin* ¢ 


Re, 4) = 


RomHICr or oe ae 
Pe ee ees 
© BV +0) (uw) 
Hence, 
X, =4abemp ae” 5 } sin. 6 cos? 000s eae 


V (0? cos? 6 + a* sin? 6) (c? cos? 0 + a /(B? cos? 6 + a* Bin? 6) (c! cos? 0 + a? sin?) 6). 
or, if s = a* tan? i) 
~ ds 
X,=2 atbemp { (s ais a®)*/2(s a B3)1/2(s 3: o2)i73 
and 


cS ds 
X= 2 abemp (s + a)8/2 (5 + B)1/2(5 o8yi/2 
= 2 abe rp 2%) Ky = % Ky, [159] 
ds 


Tox daterore SEAGIG LOM 

= 2 abemp YoLo = YoL', 

% ds 

L= Qaberpz> { (s + a)1/2(s + B%)1/2(s + oF) 8/2 

= 2 aberp2z)M, = 2M’. 

At the positive ends of the axes of the ellipsoid the force 
components are — X,, —Y,, — 2. If the ellipsoid were made 
of matter of density p, repelling according to the “ Law of 


Nature,” the force components at the positive ends of the 
axes would be +X, + Y,, + 4, 
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ap. ee 


If (x1, y1, #1) is a point on the ellipsoid = ;+2 ie ae === J; 
Qn, AY; J) = corresponding point on the Sie, ben 
a a G+; + 3 = 1, and the straight line which joins these 
two points nae through the origin. 

It is to be noticed that K;,', L,', M,' have the same values 
for all similar ellipsoids, no matter what their actual dimen- 
sions may be, and that the components of the attraction at 
corresponding points on two similar homogeneous ellipsoids 
of equal density p are to each other as the linear dimensions of 
the ellipsoid. 

Since the attraction of a homogeneous ellipsoidal homeeoid is 
zero (Section 12) at all inside points, we may draw through any 
point P within a homogeneous ellipsoid bounded by a surface 
S,, a surface S, concentric with S, and similar and similarly 
placed, and affirm that the attraction at P is equal to the 
attraction of so much of the whole ellipsoid as lies within S. 
If OP cuts S, in P,, the attraction components at P are 


A=—2 aberpxk,, Y=-—2 aberpyLy; Z=—2 aberp2zM,, 
or — &K!, — yL,', — 2M; 


therefore, the resultant attractions at internal points on any 
straight line drawn through the centre of a homogeneous ellip- 
soid are parallel in direction. They are proportional in inten- 
sity to the distances of the points from the centre. 

The potential function V within a piven aN ellipsoid 


of density p bounded by. the surface = Ha Gu = =1 is such 


that its derivatives with respect to a, y, xe z are Tae 
equal to — 2aberpxKky, —2aberpyL,, — 2aberpzM), where 
K,, Ly, M, have the same values at every point of the solid, 


so that 
V = aberp(G, — Ky? — Ly? — Mz"), 


in which G, is a constant to be determined by computing 
abemp Go, the value of the potential function at the centre. 
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The polar equation of an ellipsoidal surface of semiaxes a, 3, ¢, 
when the origin is at the centre and 6 is the angle which any 
radius vector through the origin makes with the a axis, is 
a*b*e? 
~ $26? cos? 6 + a%e? sin? 6 cos? $ + ab? sin? 6 sin? ¢ 
oo? 
~ iu + v cos} + w sin? 6 


T Q2r r; + 
Hence, V, = G,aberp = of f afi r sin 6d6dddr 
0 0 0 
TI mw /2 dd 
= 2f2,2 Seer ee CPt ee ee 
= 4 abc of sin 9d0 f ean eae. 


Using the method of reduction already employed in finding 
the value of X,, we learn that 


TRE 


Pe raed ds 
0 = |p (s = a yia(s ste O22 (s ah oye 

G, is an elliptic integral of the first kind, Ky, LZ, and M, are 
elliptical integrals of the second kind. If a>6>6e, 


(sta)>(s+ 0) >(s+c) andkK<1< mM, 
and, unless s is zero, 
(s+ a?) /(s + 6) < 07/0? and (s +6) /(6 + ¢) < 8 /c?. 
The equation for V may be written in the form 
ec: eee See ae 
Vaca Vie ead A 
Kvaberp Lyaberp Myaberp 


1, 


so that the equipotential surfaces within a homogeneous ellip- 
soid are a set of ellipsoidal surfaces coaxial with the given 
ellipsoid and similar to each’ other. The axes are in the 
same order of length as are those of the ellipsoidal mass, but 
are more nearly equal. The outer surface of the attracting 
ellipsoid is not equipotential. 

The differential equations of the lines of force within a 
homogeneous ellipsoid are evidently 
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dx /xK, = dy /yL, = dz/zM,, 
so that if the reciprocals of K,, L,, M, are represented by k, , m, 
2” = Cok = Cy. 


The two ellipsoidal surfaces 


a2 2 2 id 2 22 

atptath matt anl 
are confocal if a = a? +, 6? =b? +), ce? =ce+2r Wewill 
assume for convenience that is positive. A point P’ on 
the second surface S!' is said to correspond to a point P on 
the first surface S, if #':2=a!':a, y':y=06':b, 2':2=Cc':¢. 

If P, and P, are any two points on S, and P,', P,' the 

corresponding points on S', the distance P,P,' is equal to the 
distance P,'P, [Ivory’s Theorem], as may be seen by substi- 
tuting for a’, b', and ec’ in the following equation their values 
in terms of a, 0, and ec. 


a'r, \? b'y2 \* C'eg 5 
a'x, \? b'y, \? cz 
Gare 7) | 


To the points on a chord HF of S, drawn parallel to the 
x axis, correspond the points on a parallel chord #'F' of S'. 
The lengths of these two chords are as a to a'. To the points 
in a slender prism Q, of cross-section AyAz, within S, one 
edge of which is the line HF, correspond the points in a 
slender prism Q', of cross-section Ay'Az', or Ay: Az- ble! /be, 
within S’, and one edge of this is the line #'/". 

If Q and Q! are made of homogeneous matter of equal den- 
sity, the « component of the attraction at any point P', on 
the larger ellipsoid S', due to Q, is [Section 6] equal to 


iL 1 
p-Ay-Ae( aig — pip) 
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and the « component of the attraction due to Q! at the point 
P on S corresponding to P' is 


ECGS 
be Eee Pe 


The quantities in the parentheses are equal, by Ivory’s Theo- 
rem, and the two attraction components are to each other as 
bc:b'c'. If the whole space inside S' is filled with homoge- 
neous matter of density p, the x component at any point P’, 
on S', of the attraction of so much of the mass as hes within S 


b 
is equal to the product of oe and the « component of the 
attraction of the whole mass at the inside point P which lies 
on S and corresponds to P’. We have already found an 
expression for the last-named force component. 
To find, then, the attraction at the outside point P' (a!, y', z'), 
due to a homogeneous ellipsoid of density p bounded by the 
2 2 2 
surface S, or “ + 3 + = 1, we must first find the positive 
al? 12 2/2 
2 mr Zo hrs =f 
G9 Naan NG” rN 
and thus determine the axes of the ellipsoidal surface S' 
through P' confocal with S. If we call this value of 4, X', the 
point P on S which corresponds to P' on S' has the coordi- 
cert as! by! ca 
’ ) 
Vata Vi?+ A Ve?+2! 
of the attraction at P due to an ellipsoid of density p bounded 
by S' would be 


value of A which satisfies the cubic 


) and the « component 


— 2a'b'e'x ee 

P hs (s We a!)8/2 (s oe bI2)1/2(s ar om)i72 
If we multiply this result by bc /d'c', we shall get the result 
sought. If we substitute s+ for s in the integral and 
remember that «:a'=a:a', we may write the « component 

of the attraction of the ellipsoid at the point P in the form 
eo} ds 
A =— 2ab if 

OS ye a (8 + a)8/2(s + B26 + 0172 

= — 2aberpx' K = — 3 mea' K, [160] 
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where m is the mass of the ellipsoid. The components parallel 
to the axes of y and z of the attraction at P’ are, similarly, 


ei ee eee 
2 aM (Sie @7)1/7(8 + 67)*/2(8'4-0?)1/2 
= — 2aberpy'L = — 3my'L, 


Z=—3 ee eee eee 
2 n! (s at a)1/2(s =t b7)1/2(s + c)8/2 
= — 2aberpz'M = — 3 mz! M. 


We know that, if we substitute in the equation 
on? y? 22 
MEN OEE OH 
the codrdinates of any point in space, the largest root of the 
equation corresponds to an ellipsoid passing through the point, 
and is negative, zero, or positive according as the point lies 
within, on, or without S. Following Dirichlet, let us imagine 
a function w of the space coérdinates, which shall have the 
value zero at every point within or on S, and, at every point 
outside of S, shall be equal to the positive root of the equa- 
tion #(A)=0 which belongs to that point; and let us con- 

sider the integral 


a a? y? 22 
V = nabep J. --.--4.-) 


ds 
(s + a?)'/2(s + (i ola Oh = c2)i/2? 
which evidently vanishes at infinity. For inside points where 
u is zero, V is identical with the value just found for the 
potential function within a homogeneous ellipsoid of density p. 
Since V involves x explicitly and also implicitly through u, 
we have, in general, at any outside point, 


FQ) = —1=0, 


‘2 ds 
DV =—2eaee | AGTH GE AT 
a abep Du ape ete Ph ee? j 
~ Uta)? UF ODI (Ute)? @+tu Btu &+u/)’ 
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but, from the definition of «, the coefficient of D,w vanishes 
when w is positive, so that the integral alone remains and gives 
the value already found for the x component of the attraction 
at an outside point due to a homogeneous ellipsoid of density 
p bounded by S. At S, D,V is continuous: V gives every- 
where, therefore, the value of the potential function due to a 
homogeneous ellipsoid of density p bounded by S. 
If we note that 


i( (a oe Ee eee 
stat sth ste?) (s+ a%1/2(s + 6%)1/2(s +c)? 
—2 
is (s + a)1/2(s + B%)1/2(5 4 ont 
and that the equation /'(w) = 0 yields 
Pago eA apeas Oe 23 
Pe Tw! le fue @ tue @+ = 
(with similar values for D,w and D,1), so that 
eD,u , yDu , 2Du 


e+u P+wu ene ao 


for an outside point, and zero for a point within S, it is easy 
to see that V satisfies * Laplace’s Equation without S and 
Poisson’s Equation within S, as it should. 


52. Logarithmic Potential Functions. Whena distribution 
of matter attracting or repelling according to the “Law of 
Nature” is such that by a proper choice of axes of reference 
for a set of orthogonal Cartesian coérdinates the density can 
be made to depend on two of these codrdinates only, the dis- 
tribution evidently extends indefinitely far in both directions 
parallel to the third axis. Such a distribution is sometimes 
said to be “columnar.” Any infinitely long cylinder the 
density of every filament of which is the same throughout 
the whole length of that filament, though different filaments 


* Picard, Traité d’ Analyse, Vol. I, p. 177. 
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may have different densities, is a columnar distribution. If 
we choose for 2 axis a line parallel to these filaments, the 
components of the force taken parallel to the # and y axes at 
any point involve x and y only, and there is no force compo- 
nent parallel to the axis of z. Since the z coordinate will not 
appear in any of our equations, we may represent a columnar 
distribution by its trace in the zy plane, if we keep in mind 
the fact that the distribution itself extends to infinity in both 
directions perpendicular to this plane, 

It is evident from the work of Section 6 that a fine, homo- 
geneous filament of cross-section A.A;, made of repelling matter 


Fie. 39. 


of density p,, urges a unit mass at a point at a distance 7 from 


A, 


211A Mets 
the filament with a force of aa absolute kinetic force 


units. It follows that if the trace of a columnar distribution 
in the zy plane is an area A,, the force components at the 
point (x, y, z) parallel to the axes of x and y are 


2 pi(% — %) dA, cae Z pily — mi) aA, 
x=ff a v= ff 2 2? 
(@%— 2)? +(%—Y) (1-2)? +") 
where p, is the density at any point the x and y coérdinates of 


which are 2, and y, respectively, and where the integrals are 
to be extended over the whole of 4,. The integral 


V=+f fprlogle—2)?+(—v)"144i =f [2p log rt, 
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extended over A is called from its form the “logarithmic 
potential function ” belonging to the distribution, and 
A= a De DY, 

In the general case the columnar distribution must be con- 
sidered to be made up partly of filaments of positive matter 
and partly of filaments of negative matter, so that the density 
is positive for some values of x and y and negative for others. 
Under these circumstances X and Y represent the force com- 
ponents which would act on a unit quantity of positive matter 
concentrated at the point (a, y, z). It will be convenient to 
denote the amount of matter (reckoned algebraically) in the 
unit length of a columnar distribution by MZ It is evident 
that at an infinite distance (in the zy plane) from the trace A, 
of a columnar distribution the logarithmic potential function 
becomes infinite, unless M is zero, while the force components 
vanish in any case. 

It is easy to prove that, if M is zero, V so becomes infinite 
at infinity in the xy plane that, if 7 is the distance from any 
finite point in the plane, 7V and 7*D,V have finite limits as 
r increases indefinitely. If M is not zero, V becomes infinite 
at infinity in such a way that the quantities (V — 2 M log r), 
(r-D,V —2M), (r-V-D,V —4M?logr), and (V —r-logr-D,V) 
all approach the limit zero when r becomes infinite. That 
X, Y, and V are finite at every finite point in the zy plane 
outside of 4, is evident ; that no one of them is infinite at any 
point within A, can be proved by transforming the integrals 
which define them to polar codrdinates, using the suspected 
point as origin. 

If m is the exterior normal of any closed curve s in the zy 
plane, and 7 the distance from any fixed point O in the plane, 
the line integral of cos(n, r)/r taken around s is equal to 
zero, m, Or 27, according as O is without, on, or within s. 
From this it follows that the line integral around any closed 
curve in the xy plane, of the normal. outward component of 
the force due to any columnar distribution of repelling matter 
the lines of which are perpendicular to that plane, is equal 
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to 4m times the mass of the unit length of so much of the 
columnar distribution as is surrounded by the curve. We 
may regard this as Gauss’s Theorem applied to columnar 
distributions. 

If a function w involves x and y and does not involve 2, no 
confusion need be caused by denoting D,2u + D,?u by V?u. 
Using this notation, Green’s Theorem for functions of the two 
variables « and y may be written in the form 


f (D,u-D,w + D,ju- Dw) dA 


= fu: Dyw-ds — f fu. ve-dA 
= {w- Du-ds — f fro vu dd, 


where the line integrals are to be extended around a closed 
curve s in the zy plane, within and on which w and w with 
their first derivatives are continuous, and the double integrals 
extended over the area shut in by s. If in this equation we 
make «=1 and w the logarithmic potential function V, due 
to a columnar distribution, we get 


f frre = [D,Vas, 


and this, according to the special form of Gauss’s Theorem, 
just stated, is equal to 


Efi A mpd. 


Since the form of the curve s may be chosen at pleasure, it 
must be true that at every point V7V =+4p. It is desirable 
to notice that the plus sign here precedes 4 zp, whereas in Pois- 
son’s Equation, as appled to the Newtonian Potential Func. 
tion of a finite mass, the corresponding sign is minus. This 
and many other differences of sign that appear in our equa- 
tions might have been removed if the opposite sign had been 
given to the integral which defines the logarithmic potential 
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of a columnar distribution, but if this had been done a 
positive mass would have given rise to a negative potential 
function, and this might have caused confusion. 

If a portion of a columnar distribution consists of a surface 
charge on a cylindrical surface, we may conveniently construct 
a small quadrilateral in the zy plane by drawing two normals 
across the ends of an element of the trace of the cylindrical 
surface and two very near curves parallel to the trace element, 
one on one side and the other on the other. If, then, we apply 
Gauss’s Theorem to this quadrilateral, we shall learn that at 
every point of the trace the sum of the normal derivatives of 
V taken away from the curve on each side is 470. | 

If a closed curve s be drawn in the zy plane so as to 
include the trace of a portion of a columnar distribution the 
lines of which are perpendicular to that plane and to exclude 
the trace of another portion, and if VY, and V, represent the 
parts of the potential function V belonging to these two 
portions of the distribution, we may apply Green’s Theorem 
to V and the logarithm of the distance from a fixed point O 
in the plane. If represents a normal pointing outward from 
s, we Shall find that 

fe a — [ DV -logr-ds 
is equal to the value at O of 27V,, if O is within s; and to 
the value at O of — 22V,, if O is without s. 
If s happens to be a curve on which V is constant, 


f2 (2: r) log r-ds 
4a 

is equal to the value at O of V,, if O is without s, or of V,—V,, 
if Ois within s. The reader may compare these results with 
those given in equations [153] and [157]. 

If a function w= f(a, y) has the value zero at every point of 
a closed curve s, in the zy plane and the constant value C 
all over another closed curve s,, shut in by s,, and if between 
s, and s,, w is everywhere harmonic, we may apply Green’s 
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Theorem to w and the logarithm of the distance from a fixed 
point O in the plane and prove that 


= Dw e Dw 
f2 (=2) log r- ds, +f2 ( 7 og rae, 


where the normals point outward on s, and inward on s,, is 
equal to 0, the value of w at O, or C, according as O is without 
s,, between s, and s,, or within s,. Surface charges, of density 


— Dw 
4a 
potential function w between s, and s,. 
If a function w= f(a, y), harmonic at all finite points, has 
the constant value ¢ on a closed curve s in the zy plane and 
becomes infinite at infinity in this plane in such a way that 


» applied to s, and s, would, therefore, give rise to the 


_ limit (w — 2p logr)= 0, or linit (7 log r- D,w — w) = 0, 


where p» is a given constant, then at all points without s, if » 
is an interior normal, 


w =ifi2 (= Pat tog mds 
4a 


and w is the potential function due to a columnar distribution 
of superficial density — D,w/47 on the cylindrical surface 
of which s is the right section. The amount of matter in the 
unit length of this cylindrical distribution is p. 

If within the closed curve s in the zy plane, w = f(a, y) is 
harmonic, we may apply Green’s Theorem to w and the loga- 
rithm of the distance r from a fixed point O,, within s, using 
as field the region within s and without a small circumference 
drawn around O,. This yields 


2 rW at Or = fw - D, log r, — log 7, - D,w)ds, 


where v is the exterior normal to s. If 7, is the distance from 
a fixed point O,, without s, we may prove in a similar way that 


0 = {[w - D,, log r, — log r,- D,w] ds, 
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or 27W 0, = ftw (D, log r; — D,, log 72) + D,w - log (7, /71) ] ds. 
If s is a circumference of radius a with centre at C, and if 
O, and O, are inverse points such that 
CO,=h, CO, =), 4h =’, 


then 7, /7r, is constant all over s, 


f Dawds = ff vwdedy = 0, 


and 2 TW at 0, = fw [D, log r, — D, log r,]ds. 


Moreover 7,- D, log 7, = cos (71, %), 72° D, log 72 = Cos (7%, 7), 
i? = a? + ri? — 2 ar, cos(r,, 2), 
i? = a? + 1.7 — 2 ar, COS (Ts, 7), 


and the value on s of 7, /7, is 4, /a, so that 
oS 1 pw —a*) 
W at Ope Ts Bel: ar? ds 


taken around the circumference. 
If we introduce polar coérdinates with origin at the centre 
of s and denote the coérdinates of O, by Z, and ¢,, we shall have 


pela ee w (1,7 — a*) dd 
et EE OE 0 t?+ a? — 2al, cos(¢ — 1) cer 
This is sometimes called “ Poisson’s Integral.” 
At the centre of the circumference where /, = 0, 


alt 
w= 5— f wds. 


EXAMPLES. 


1. If the potential function due to a certain distribution of 
matter is given equal to zero for all space external to a given 
closed surface S and equal to $(z, y, 2), where ¢ is a continu- 
ous single-valued function (zero at all points of S), in all space 
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within S; there is no matter without S, there is a superficial 
distribution of surface density 


- 
o = 7-[(D.9)? + (D,4)? + (D.4)?}* 
upon S, and the volume density of the matter within S is 


al 
p=— 7 [Di¢ + D> + Di). 
[Thomson and Tait. | 


2. Show that, if w is constant on the closed surface S and 
is harmonic within S, it is constant in the space enclosed by 
S; and that if W vanishes at infinity and is everywhere har- 
monic, it is everywhere equal to zero. 

3. If two functions, w, and w,, which without a closed sur- ° 
face S are harmonic and vanish at infinity, have on S values 
which at every point are in the ratio of A to 1, A being a con- 
stant, then everywhere w, = Aw». 

4, The functions uw and v have the constant values uw, and v, 
on the closed surface S, and the constant values wu, and v, on 
the closed surface S, within S,. Between S, and S,, w and v 
are harmonic. Show that 

(u — %) (Vg — Vy) = (¥ — V4) (Uy — 1). 

5. Outside a closed surface S, w, and w, are harmonic and 
have the same level surfaces. w, vanishes at infinity, while 
w, has everywhere at infinity the constant value C. Assum- 
ing that a scalar point function v is expressible in terms of 
another, w, if, and only if, 

Dy [Dw= Dyp/ Dw = Dy] Dy, 
show that w, is of the form Bw, + C. 

6. Show that there cannot be two different functions, W 
and W', both of which within the space enclosed by a given 
surface S (1) satisfy Laplace’s Equation, (2) are, together 
with their first space derivatives, continuous, and (3) are 
either equal at every point of S, or satisfy on S the equation 
D,W=D,W', and are equal at some one point. 
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7. Show that, given a set of closed mutually exclusive 
surfaces, there cannot be two different functions, W and W', 
which without these surfaces (1) satisfy Laplace’s Equation, 
(2) are, with their first space derivatives, continuous, (3) so 
vanish at infinity that rW, rW', 7°?D,W, 7?D,W', where r is 
the distance from any finite fixed point, have finite limits, and 
which satisfy one of the following relations: (1) at every 
point on the given surfaces W = W', (2) at every point of 
every surface D,W = D,W'. 

8. At every point of a portion (or the whole) of a closed 
surface S (or of a set of closed surfaces) the functions w, and 
w, have equal values, and at every point of the remainder of 
S these functions have equal normal derivatives. Outside 
, and on § both functions are harmonic, and they both vanish 
at infinity in some manner not more closely defined. Each of 


the integrals f Dw, ds, ifs D,w,dS has evidently the same 


finite numerical value when taken over S or over any other 
surface which encloses S. Show that w, and w, are identical. 

If the values of w, and w, at a point P, the coérdinates 
of which referred to any fixed point as origin are (7, 6, ¢), 
instead of approaching zero as r is made to increase indefi- 
nitely, both approach the limit f(0, ¢), f being a continuous 
function, when, with any values of 6 and ¢, 7 is made infinite, 
w, and w, are identical. 

9. The given closed surface S, shuts in the given closed 
surface S,. The given function w is harmonic between S, 
and S, Show that no other function than w, harmonic be- 
tween S, and S,, has the same value that w has at every point 
of S, and the same value of the normal derivative at every 
point of S, Show also that any such function which has the 
same value of the normal derivative at every point of S, and S, 
that the normal derivative of w has differs from w at most by 
a constant. No other function than w,, harmonic between S, 
and S,, has the same value that w has at every point of S, and 
the same value of the normal derivative at every point of S,. 
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10. The harmonic function w, which so vanishes at infinity 
that, if 7 is the distance from any fixed finite point, the limits 
of rw and 7D, w are not infinite, has an open zero level sur- 
face S, as well as a series of closed level surfaces of which one 
is S, Show that in the region 7, between S, and S,, w is 
the potential function due to surface distributions on S, and 
S, defined by the equation 470 = D,w, where n points out 
of 7. The whole charge on the two surfaces is zero. 

11. Outside the closed surface S, upon which its value is 
given at every point, the function w is harmonic except at 
certain points, P,, P,, P3, etc., where it becomes infinite in 
such a way that, if r, represents the distance from P,, 


w—m,/7, is harmonic at P,, 


where m, is a constant belonging to the point P,. At infinity 
w vanishes like a Newtonian potential function. Prove that 
wis unique. If w is a Newtonian potential function, what 
do you know about the distribution which gives rise to it ? 

12. The functions U, W, @, O with their first space deriva- 
tives are continuous, everywhere without a given closed sur- 
face S, and they vanish at infinity like a Newtonian potential 
function due to a finite distribution of matter. U and W have 
the same values at every point of S, but outside S, U, @, and 
© satisfy Laplace’s Equation and W does not. The surface 
integrals of the normal derivatives of @ and Q taken over 
S are equal, but @ has the same value all over S, and Qa 
continuously variable value. Show that, if the integrations 
embrace all space outside S, 


SS [Be + DOTY + D.OY de dy de 

<f ffi (D,,W)? + (D,W)? + (DW) dady dz, 
Sf if § (D,@)? + (D,®)? + (D,0)*} da dy dz 

< fff & D2)? + Dy? + (DA dandy de. 


136 SURFACE DISTRIBUTIONS. 


Hence, show that the energy of a given charge spread on a 
given surface S is least when the arrangement is equipo- 
tential. 

13. Everywhere within the closed surface S the two scalar 
point functions V and V' are continuous with their first deriy- 
atives. Over a given portion of S, V and V' have equal 
values, while over the remainder of S both D,V and D,V' are 
equal to zero. The vectors g and q' have the components 
AD,V, .D,V, XxD,V and AD,V', AD,V', XD,V' respectively, 
where A is a positive analytic scalar point function. Show 
that, if g is solenoidal and q’ is not solenoidal, the integral 


eh A[(D,.V)? + (DV)? + (D,V)?] dr 


extended over the whole space within S is less than the integral 


SS [AB + DV + DV Nae 


extended over the same region. 

14. Gravitating matter of given uniform density is confined 
within a given closed surface, but its volume is less than that 
enclosed by the surface. Prove that its potential energy is a 
maximum, if the matter forms a shell of which the given sur- 
face is the outer boundary, while the internal boundary is an 
equipotential surface. 

15. Let €=f,(a, y) and n= f,(a, y) be two analytical 
functions of x and y such that the two families of curves 


AG®N=%4 A®YHN=h 


are orthogonal. Let V be any function of w and y which, 
with its first space derivatives, is continuous, within and on a 
closed curve s, drawn in the codrdinate plane. Let hg and h,, 
be the positive roots of the equations 


he =(D,é)? + (Dey h = (Dzn)’ (D4) 


Prove that s, the surface integral of h;-h,- D; (Z) » taken all 
G] 
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over the area enclosed by s, is equal to the line integral taken 
around s of Vcos(é, m), where m is an exterior normal and 
(€, n) represents the angle between n and the aouao in 
which € increased most rapidly. 

Show that the corresponding theorem in three dimensions 
may be expressed by the equation 


ff hahe De ) ar =f Veos ( n)as. 


16. The operator [(D,)? + (D,)? + (D, )?] applied to any of 
the quantities at y+izV2, ctiyV2 +z, ete, yields zero: 
is every analytic function of any one of these quantities 
harmonic ? 

17. The product of two harmonic functions, w, v, is itself 
harmonic if, and only if, the level surfaces of « and v are 
orthogonal. The product of three harmonic functions, u, v, w, 
is itself harmonic if, and only if, the level surfaces of wu, v, 
and w are mutually orthogonal. 

18. The function w of the two variables x and 1 y is har- 
monic in the xy plane everywhere outside of the mutually 
exclusive closed curves s, and s, Upon these curves w has 
given constant values. At infinity, w becomes infinite in such 
a manner that, if 7 is the distance from any finite point in 
the xy plane, 

ee (r logr- D,w — w) = 0. 


Show that w is the potential function without s, and s,, due 
to superficial distributions defined by the equation 4 7o= D,w, 
upon the cylindrical surfaces of which s, and s, are the traces. 
In the formula just given the normal points outward at s, 
and 5». 

19. The function w of the two variables « and y is har- 
monic everywhere in the «zy plane except at certain points, P,, 
P,, P,, etc., where it becomes infinite in such a manner that, 
if r, is the distance from P,, w— 2p, log7, is harmonic at P, 
where yp, is a constant belonging to P,. Upon a certain open 
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curve, s, w has the value zero, and everywhere at an infinite 
distance from the origin w so becomes infinite that 


limit 
r= © 


(r-logr+ Dw —w)=0: 


show that on either side of s, w may be considered as the 
logarithmic potential function due to a distribution of elec- 


fp ; D 
tricity of density ¢o = — rm 


on the infinite cylindrical surface 


of which s is a right section, and to distributions upon lines 
normal to the xy plane which cut the plane at so many of the 
FP points as lie on the chosen side of s. 

20. If the normal component of a vector is zero at every 
point of a closed surface S, and if within and on S the vector is 
everywhere solenoidal and lamellar, its components are equal 
to zero at every point within S. If the normal component of 
a vector is given at every point of S, and if everywhere within 
S the curl and the divergence have given values, the vector is 
determined. If g and q' are vectors the normal components 
of which vanish at every point of S, and if within S, q¢ is 
solenoidal with curl &, while g' is lamellar with divergence 
D, where & and D are given scalar point functions, g + q' is 
the unique vector, the normal component of which is zero at 
every point of S, and which within S has the curl & and the 
divergence D. 

21. The normal derivative of u with respect to v is 


(D,u- Dv + Dyu- Dy + Du- Dy) /h?. 


22. If u=ayz, v=2xe+y+2, the values at (1, 1, 1) of 
Du and D,v are 2/3 and 4/3. 

23. The gradients of w and v are numerically equal at every 
point, though not in general coincident in direction, if, and 
only if, w+v and w—v are orthogonal functions. If the 
gradients of uw and v agree everywhere in direction though 
not in magnitude, v is expressible as a function of uw, so that 


v=f(u), h, =f'(u)-hy 
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24. If the components parallel to the axes of x and y of 
the solenoidal vector (w, v, 0), which has no component parallel 
to the z axis, are independent of z, a vector, directed parallel 
to the z axis, which has for its intensity any partial inte- 
gral (Q.) of u with respect to y which satisfies the condition 
D,Q, =—¥v, is a vector potential function of the original 
vector. Thus: (0, 0, xy + y* — x) is a vector potential func- 
tion of (@?+3y?, 9x8—2ay, 0). The value at the point 
(x, y, #) of the derivative of Q,, taken in a direction perpen- 
dicular to the z axis and making an angle a+ 90° with the 
plane of xz, is D,Q,-cos(a + 90°) + D,Q,-sin(a + 90°), or 
D,Q,: cosa — D,Q,-sina, or wu cosa + v Sina, and this is the 
resolved part of the vector (u, v, 0) at the same point in a 
direction parallel to the «xy plane and making an angle a 
with the plane of xz. We learn, therefore, that the numer- 
ical value at any point P of the derivative of Q,, taken 
in any direction s parallel to the zy plane, is equal to the 
component of the vector (uw, v, 0) in a direction parallel to 
the xy plane and perpendicular to s. Show that the inter- 
section of any plane parallel to the xy plane with a cylin- 
der of the family QY,=constant is a line of the vector 
(u, v, 0). Show also that DQ, + D/7Q.=— (Dw — Dw), 
the negative of the component parallel to the z axis of the 
curl of (u, v, 0). 

25. A vector parallel to the x axis of intensity independ- 
ent of z and equal to the negative of a partial integral of w 
with respect to y, and a vector parallel to the y axis of inten- 
sity independent of z and equal to a partial integral of w 
with respect to x, are vector potential functions of the vector 
(0, 0, w), provided w is independent of z. For example: the 
vectors [y? — 3a7y + f(x), 0, 0] and [0, x? — 2ay+ ¢(y), 9] 
are vector potential functions of the vector (0, 0, 3a?— 2y). 

26. If the lines of a vector are circles parallel to the xy 
plane with centres on the z axis, and if the intensity of the 
vector is a function f(r) of the distance r from that axis, a 
vector, everywhere parallel to the z axis, of intensity F'(r), 
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where f(r) = — D,F(r) is a vector potential function of the 
original vector. Is this original vector solenoidal ? 

27. If the lines of a vector are straight lines parallel to the 
xy plane and emanating from the z axis, and if the intensity 
of the vector is a function f(r) of the distance 7 from this 
axis, f(r) must be of the form ¢/r if the vector is solenoidal. 
A vector with such lines as these cannot be solenoidal if the 
intensity at every point is a given function of the angle which 
the line of the vector through that point makes with the xz 
plane. 

28. The lines of the vector [a-f(a,y), y-f(,y), 0] are 
straight lines parallel to the xy plane and emanating from 
the z axis, and its curl is of the form (0,0, y-D,f—«-D,/). 
If f is expressible as a function of the angle tan—'(y/z), 
y:D,f —x-D,f is also expressible as a function of this 
angle, but if f is expressible as a function of r = Va? + y?, 
y: D,f — x-D,f vanishes and no vector of the form 


[x-f(7), ¥-S(r), 9] 


can be a vector potential function of the vector [0, 0, $(7)]. 

If the ratio of y to x be denoted by pw, and if f(u) = 

_ PAWEH: the vector [x-f( . 0} i t 
rns KH), ¥-f(e), 0] is a vector 
potential function of the vector [0, 0, ¢()]. 

29. The lines of the vector [— y- f(a, y), x- f(x, y), 0] are 
circles parallel to the xy plane with centres on the z axis, and 
its curl is of the form (0, 0, 2f+a-D,f+y-D,f). Show 
that if f is expressible as a function of 7, the distance from 
the 2 axis, sois 2f+2«-D,f+y-D,f, and that, if 


L@y= afr -o(r) dr, 


[—y-F(r), x-F(r), 0] is a vector potential function of the 
solenoidal vector [0, 0, ¢(r)]. Show also that if f is expressi- 
ble as a function of the angle tan—!(y /x), that is, as a function 
of the ratio, w, of y to a, 2f+2-D,f+y:D,f is expressible 
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as a function of pw, and that [—4y-f(n), ¥u-f(m), 0] is a 
vector potential function of [0, 0, f(«)]. 

30. The difference between the values at any two points 
A and B of any analytic scalar point function V is equal to 
the line integral taken along any path from A to B of the 
tangential component of the vector (D,V, D,V, D.V). 

31. The only families of plane curves which are at once 
the right sections of possible systems of equipotential eylin- 
drical surfaces in empty space due to columnar distributions 
of matter which attracts according to the “Law of Nature,” 
and also the generating curves of possible systems of equipo- 
tential surfaces of revolution due to distributions of such 
matter symmetrical about the common axis of these surfaces, 
are families of concentric conics. Must every such family of 
conics be confocal ? [Am. Jour. Math., 1896.] 

32. If a vector is determined at every point by means of the 
components (R, @, Z) in the directions in which the columnar 
coordinates of the point increase most rapidly, the divergence 
of the vector may be written D.A + R/r+ D,@/r + D,Z. 

33. The equation 


2 
+ +———-1=0 


a 
FOS Ga yaaa tee ae 
represents, when a, 6, and ¢ are fixed, a family of confocal quad- 
ric surfaces of which d is the parameter. If a>6> ce, and if 
x, y, and z are chosen at pleasure, the cubic in A has three real 
roots (u, v, w); one between — a? and — 6’, corresponding to 
a parted hyperboloid, one between — J? and — c?, correspond- 
ing to an unparted hyperboloid, and one between — c? and o, 
corresponding to an ellipsoid, so that through every point of 
space three surfaces of the family can be drawn, and it is 
easy to see that these cut each other orthogonally. The 
direction cosines of a surface of constant A have the values 
D,r/h, D,r/h, D,r»/h, where h? = (D,d)? + (D,r)? + (DA)? 


D,X}=—22/(@ +2) DF, and h?=—4/D,F. 
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Belonging to every point in space are three values of X 
(u, v, w), and three values of h (h,, h,, h»), and, if we sub- 
stitute w, v, and w successively for A in the equation F(A) =0, 
we shall get three linear equations in x’, y’, 2? from which 
we may obtain expressions for a, y, 2 in terms of 4, v, w. 


hg=—A4((P+u G+ ue + a))/[u—v)u—w)), 
and h,? and h,,? have corresponding values which, substituted in 


hy f h, hy Ms. 
PAG DV} + ml ar ee vt i Det i h Pr Fes y 


wv 


gives Laplace’s Equation in terms of the orthogonal curvi- 
linear coérdinates (u, v, w). Prove that if we assume that a 
solution of this equation exists which involves w only and 
vanishes when w is infinite, the equation which determines 
this solution takes the form 


Dyi[(@ + w) B+ w) (+ w)P?- Dy V3 =, 


dw 
sothat V=C alee + w)!/2 (62 + w)!/2(c? + w)i/2 


=of" dw 
x s (a? + w)!/2 (6? + w)/2(c? $+ wy? 


Hence, show that a set of confocal ellipsoids are possible 
external equipotential surfaces, and that if Mis the mass of 
the corresponding distribution the potential function is given 
by the last equation, in which, since a very large value of w 
corresponds to an ellipsoid little different from a sphere of 
radius Vw, C is to be determined by the equation 
No 

Find the density of a superficial distribution on a surface of 
the w family, the potential function of which at all outside 
points shall be the function just defined. 
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34, The curl of the curl of a solenoidal vector such that the 
three functions which give the strengths of its components 
parallel to the coérdinate axes satisfy Laplace’s Equation 
vanishes. If the lines of a vector are all parallel to a plane, 
and the vector has the same value at all points in any line per- 
pendicular to the plane, the vector is perpendicular to its curl. 

35, A certain vector, the tensor of which is f(z, y, z), is at 
every point directed exactly in the direction of the straight 
line which joins the origin with the point in question; show 
that the vector is not necessarily lamellar, but that it is per- 
pendicular to its curl. If all the components of a vector are 
functions of # and y only, or if all are functions of x only, or 
if one component vanishes and the other components are 
functions of x, y, and z, the vector may or may not be 
perpendicular to its curl. 

36. If (Q,, Q, Y,) are the components of a vector Q, 
(Ay, #1) %1) the curl components, (As, pe, v2) the components 
of the curl of the curl of Q, and so on, 


Ai = D,Q. — DQ» Az = D, (Div Q) — V7Q;5 
As = — V7Ax1y \, = — V7A., and so on. 
How are these equations changed if @ is a solenoidal 
vector ? 
37. If the harmonic function f(x, y, 2) represents the x 


component of a vector which is both solenoidal and lamellar, 
the y and z components must be of the form 


Y= [D,f-de + Dou, 2), Z={D,f. de + Dit (y; 2); 


where y(y, 2) is a solution of the equation 
Dy + D2y =— ae 
38. A certain vector (X, Y, Z) is not perpendicular to its 


curl (K,, K,, K,). Show that the scalar function /; deter- 
mined from the equation 


K,-D,F + K,-D,F + K,-D,F =—(K,X+ K,Y + K,Z), 
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is the scalar potential function of a lamellar vector (L, M, 1), 
which added to the first vector gives a new vector perpendic- 
ular to its curl. Is this equation always integrable ? 

39. A vector Q, with components (Q,, Q,, Q.), is continuous 
except at a certain surface S. In each of the regions sepa- 
rated by S, DQ, = Dy Qa DiQz = D.Qx Dy Q. = D.Qy 80 that 
at every point within these regions the curl of @ vanishes. 
Investigate the value of the éurl of Q on S when the normal 
(or a tangential) component of @ is discontinuous there. 

40. Unless V?/= 9, a vector the x component of which is 
t (a, y, #) cannot be both lamellar and solenoidal. 

41. Matter spread uniformly in a superficial distribution 
on a circular portion of a plane forms a “circular surface 
distribution.” Two such distributions, each of radius a, are 
placed parallel and opposite each other at a distance 8 apart. 
If the density of one of these be +o and that of the other 
—g, and if § be made to approach zero and o to increase in 
such a manner that the product of o and 6 is always equal to 
the constant », the resulting value of the potential function 
is said to be due to a “circular double layer” of radius a, and 
density ». Show that the limiting value of the potential 
function at a point P on the axis of the double layer and at 
a distance « from its plane is + 2 ap(1 — a /Va? + a? + x), where 
the positive sign is to be used if P is on one side of the double 
layer, and the negative sign if P is on the other side. Is the 
potential function discontinuous at the double layer? Is the 
force discontinuous ? 

42. Assuming the surface of the earth as defined by the sea- 
level to be a spheroid of ellipticity «, prove that the mass of 
the earth in astronomical units is a ’g)(1 + «— 3m), where 
go is the force of gravity at the equator, a the equatorial 
radius, and m the ratio of “ centrifugal pomce ” to true gravity 
at the equator. 
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CHAPTER: V. 


THE ELEMENTS OF THE MATHEMATICAL THEORY 
OF ELECTRICITY. 


I. ELECTROSTATICS. 


53. Introductory. Having considered abstractly a few of 
the characteristic properties of what has been called “the New- 
tonian potential function,” we will devote this chapter to a very 
brief discussion of some general principles of Electrostatics and 
Electrokinetics. By so doing we shall incidentally learn how 
to apply to the treatment of certain practical problems many of 
the theorems that we have proved in the preceding chapters. 

In what follows, the reader is supposed to be familiar with 
such electrostatic phenomena as are described in the first few 
chapters of treatises on Statical Electricity, and with the hypoth- 
eses that are given to explain these phenomena. 

Without expressing any opinion with regard to the physical 
nature of what is called electrification, we shall here take for 
granted that whether it is due to the presence of some sub- 
stance, or is only the consequence of a mode of motion or of a 
state of polarization, we may, without error in our results, use 
some of the language of the old ‘‘ Two Fluid Theory of Elec- 
tricity” as the basis of our mathematical work. 

The reader is reminded that, among other things, this theory 
teaches that : — 

(1) Every particle of a body which is in its natural state con- 
tains, combined together so as to cancel each other’s effects at 
all outside points, equal large quantities of two kinds of elec- 
tricity with properties like those of the positive and negative 
‘‘ matter” described in Section 44. 

(2) Electrification consists in destroying in some way the 
equality between the amounts of the two kinds of electricity 
which a body, or some part of a body, naturally contains, so 
that there shall be an excess or charge of one kind. If the 


146 ELECTROSTATICS. 


charge is of positive electricity, the body is said to be posi- 
tively electrified ; if the charge is negative, negatively electrified. 
Either kind of electricity existing uncombined with an equal 
quantity of the other kind, is called free electricity. 

(3) When a charged body A is brought into the neighborhood 
of another body B in its natural state, the two kinds of elec- 
tricity in every particle of B tend to separate from each other, 
one being attracted and the other repelled by A’s charge, and 
to move in opposite directions. 

In general, a tendency to separation occurs in all parts of the 
body, whether it is charged or not, where the resultant electric 
force (the force due to all the free electricity in existence) is 
not zero. This effect is said to be due to induction. 

In our work we shall assume all this to be true, and proceed 
to apply the principles stated in Section 44 to the treatment of 
problems involving distributions of electricity. We shall find it 
convenient to distinguish between conductors, which offer prac- 
tically no resistance to the passage of electricity through their 
substance, and nonconductors, which we shall regard as prevent- 
ing altogether such transfer of electricity from part to part. 


54. The Charges on Conductors are Superficial. When elec- 
tricity is communicated to a conductor, a state of equilibrium is 
soon established. After this has taken place, there can be no 
resultant force tending to move any portion of the charge 
through the substance of the conductor, for, by supposition, the 
conductor does not prevent the passage of electricity through 
itself. 

Moreover, the resultant electric force must be zero at all 
points in the substance of a conductor in electric equilibrium ; 
for if the force were not zero at any point, electricity would 
be produced by induction at that point, and carried away 
through the body of the conductor under the action of the 
inducing force. 

From this it follows that the potential function V, due to all 
the free electricity in existence, must be constant throughout 
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the substance of any single conductor in electric equilibrium, 
whether or not the conductor be charged, and whether or not 
there be other charged or uncharged conductors in the neigh- 
borhood. Different conductors existing together will in general 
be at different potentials, but all the points of any one of these 
conductors will be at the same potential. 

Wherever V is constant, VV =0, and hence, by Poisson’s 
Equation, p=0, so that there can be no free electricity within 
the substance of a conductor in equilibrium, and the whole 
charge must be distributed upon the surface. Experiment 
shows that we must regard the thickness of charges spread upon 
conductors as inappreciable, and that it is best to consider that 
in such cases we have to do with really superficial distributions 
of electricity, in which the conductor bears a rough analogy to 
the cavity enclosed by the thin shells of repelling matter de- 
scribed in the preceding chapter. 

The surface density at any point of a superficial distribution 
of electricity shall be taken positive or negative, according as 
the electricity at that point is positive or negative, and the force 
which would act upon a unit of positive electricity if it were 
concentrated at a point P without disturbing existing distribu- 
tions shall be called ‘‘ the electric force” or ‘‘ the strength of 
the electric field at P.” 

It is evident, from Sections 45 and 46, that the electric force 
at a point just outside a charged conductor, at a place where 
the surface density of the charge is o, is 4ao, and that this is 
directed outwards or inwards, according as o is positive or nega- 
tive. 

In other words, D,, V, the derivative of the potential function 
in the direction of the exterior normal, is equal to —4 70, and 
the value of V at a point P just outside the conductor is greater 
or less than its value within the conductor, according as the 
surface density of the conductor’s charge in the neighborhood of 
P is negative or positive. 

It is to be carefully noted that, although the surface of a con- 
ductor must always be equipotential, the superficial density of 
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the conductor’s charge need not be the same at all parts of the 
surface. We shall soon meet with cases where the electricity 
on a conductor’s surface is at some points positive and at others 
negative, and with other cases where the sign of the potential 
function inside and on a conductor is of opposite sign to the 
charge. 

It is evident, from the work of Section 47, that the resistance 
per unit of area which the nonconducting medium about a con- 
ductor has to exert upon the conductor’s charge to prevent it 
from flying off, is, at a part where the density is o, 270”. 


55. General Principles which follow directly from the Theory 
of the Newtonian Potential Function. If two different distribu- 
tions of electricity, which have the same system of equipoten- 
tial surfaces throughout a certain region, be superposed so as to 
exist together, the new distribution will have the same equipo- 
tential surfaces in that region as each of the components. For, 
if V, and V,, the potential functions due to the two components 
respectively, be both constant over any surface, their sum will 
be constant over the same surface. 

Two distributions of electricity, which have densities every- 
where equal in magnitude but opposite in sign, have the same 
system of equipotential surfaces, and, if superposed, have no 
effect at any point in space. 

Two distributions of electricity, arranged successively on the 
same conductor so that at every point the density of the one 
is m times that of the other, have the same system of equipo- 
tential surfaces, and the potential function due to the first is 
everywhere m times as great as that due to the second. 

If the whole charge of a conductor which is not exposed to 
the action of any electricity except its own is zero, the super- 
ficial density must be zero at all points of the surface, and the 
conductor is in its natural state. For if o is not everywhere 
zero, it must be in some places positive and in others negative ; 
and, according to the work of the last section, the potential 
function V, due to this charge, must have, somewhere outside 
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the conductor, values higher and lower than V,, its value in the 
conductor itself. But this would necessitate somewhere in empty 
space a value of the potential function not lying between Vy and 
0, the value at infinity; that is, a maximum in empty space if 
VY, is positive, and a minimum if Vy is negative; which is 
absurd. 

A system of conductors, on each of which the charge is null, 
must be in the natural state if exposed to the action of no out- 
side electricity. For, by applying the reasoning just used to 
that conductor in which the potential function is supposed te 
have the value most widely different from zero, we may show 
that the surface density all over the conductor is zero, so that 
no influence is exercised on outside bodies ; and then, suppos- 
ing this conductor removed, we may proceed in the same way 
with the system made up of the remaining conductors. 

If a charge M of electricity, when given to a conductor, ar- 
ranges itself in equilibrium so as to give the surface density 


o=f(#,y,%) and to make the potential function el ae 
r 


constant within the conductor, a charge — WV, if arranged on the 
conductor so as to give at every point the density —c=—/(#,y,z) 
would be in equilibrium, for it would give everywhere the poten- 


tial function cf es =— JV, and this is constant wherever V, 
r 


is constant. 

Only one distribution of the same quantity of electricity M on 
the same conductor, removed from the influence of all other 
electricity, is possible ; for, suppose two different values of sur- 
face density possible, o,=/\(“,y,%) and o.=/f, (a, y, 2), then 
—o,=— f(x,y, z) is a possible distribution of the charge —M. 
Superpose the distribution — o, upon the distribution o, so that 
the total charge shall be equal to zero; then the surface density 
at every point is o,—o», and this must be zero by what we have 
just proved, so that o, = 0». 

Since we may superpose on the same conductor a number of 
distributions, each one of which is by itself in equilibrium, it is 
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easy to see that if the whole quantity of electricity on any con- 
ductor be changed in a given ratio, the density at each point 
will be changed in the same ratio. 


56. Tubes of Force and their Propertics. We have seen that 
a unit of positive electricity concentrated at a point P just out- 
side a conductor would be urged away from the conductor or 
drawn towards it, according as that point on the conductor which 
is nearest P is positively or negatively electrified. If we regard 
lines of force drawn in an electric field as generated by points 
moving from places of higher potential to places of lower poten- 
tial, we may say that a line of force proceeds from every point 
of a conductor where the surface density is positive, and that a 
line of force ends at every point of a conductor where the sur- 
face density is negative. No line of force either leaves cr 
enters a conductor at a point where the surface density is zero, 
and no line of force can start at one point of a conductor where 
the electrification is positive and return to the same conductor 
at a point where the electrification is negative. No line of force 
can proceed from one conductor at a point electrified in any way 
and enter another conductor at a point where the electrification 
has the same name as at the starting-point. A line of force 
never cuts through a conductor so as to come out at the other 
side, for the force at every point inside a conductor is zero. 

Lines and tubes of force are sometimes called in electrostatics 
lines and tubes of ‘‘ induction.” 

When a tube of force joins two conductors, the charges Q,, 
Q, of the portions S,, S, which it cuts from the two surfaces are 


Fic. 40. 


made up of equal quantities of opposite kinds of electricity. 
For if we suppose the tube of force to be arbitrarily prolonged 
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and closed at the ends inside the two conductors, the surface 
integral of normal force taken over the box thus formed is zero, 
for the part outside the conductors yields nothing, since the re- 
sultant force is tangential to it, and there is no resultant force 
at any point inside a conductor. It follows, from Gauss’s 
Theorem, that the whole quantity of electricity (Q,+Q.) inside 
the box must be zero, or Q; = —Q,, which proves the theorem. 
If o, and oy are the average values of the surface densities of 
the charges on S, and S, respectively, we have o,S,;=Q, and 
o2S,=Q., whence 

Pipoon ce 7 [162] 

The integral taken over any surface, closed or not, of the 
force normal to that surface is called by some writers the flow 
of force across the surface in question, and by others the induc- 
tion through this surface. 

If we apply Gauss’s Theorem to a box shut in by a tube 
of force and the portions S,, S, which it cuts from any two 
equipotential surfaces, we shall have, if the box contains no 
electricity, ; 
FS, — FS; = 0, [163] 
where Ff, and F, are the average values, over S, and S, respec- 
tively, of the normal force taken in the same direction (that in 
which V decreases) in both cases. In other words, the flow of 
force across all equipotential sections of a tube of force con- 
taining no electricity is the same, or the average force over an 
equipotential section of an empty tube of force is inversely pro- 
portional to the area of the section, 


Jl @ jew] 


Fie. 41. 


When a tube of force encounters a quantity m of electricity 
(Fig. 41), the flow of force through the tube on passing this 
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electricity is increased by 47m. If, however, the tube encoun- 
ters a conductor large enough to close its end completely, a 
charge m will be found on the conductor just sufficient to reduce 
to zero the flow of force (J) through the tube. ‘That is, 


ie 

4a 

It is sometimes convenient to consider an electric field to be 
divided up by a system of tubes of force, so chosen that the flow 
of force across any equipotential surface of each tube shall be 
equal to 47. Such tubes are called unit tubes ;* for wherever 
one of them abuts on a conductor, there is always the unit quan- 
tity of electricity on that portion of the conductor’s surface which 
the tube intercepts. In some treatises on electricity the term 
‘“‘line of force” is used to represent a unit tube of force, as 
when a conductor is said to cut a certain number of ‘lines of 
force.” 

It is evident that m unit tubes abut on a surface just outside 
a conductor charged with m units of either kind of electricity, 
if the superficial density of the charge has everywhere the same 
sign. These tubes must be regarded as beginning at the con- 
ductor if m is positive, and as ending there if m is negative. 
If a conductor is charged at some places with positive elec- 
tricity and at others with negative electricity, tubes of force 
will begin where the electrification is positive, and others will 
end where the electrification is nega- 
tive. 

It is evident that no tube of force 
can return into itself. 


57. Hollow Conductors. When the 
nonconducting cavity, shut in by a 
hollow conductor A (Fig. 42), contains 


* They are sometimes called ‘‘ unit Faraday tubes,’’ to distinguish 
them from the more slender tubes of unit induction, of which 47m start 
from a body which has a positive charge m. 
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quantities of electricity (m,, m,, ms, etc., or) m) distributed 


in any way, but insulated from K, there is induced on the 
walls of the cavity a charge of electricity algebraically equal 
in quantity, but opposite in sign, to the algebraic sum of the 
electricities within the cavity. 

Call the outside surface of the conductor S, and its charge 
M,, the boundary of the cavity S; and its charge M,, and sur- 
round the cavity by a closed surface S, every point of which lies 
within the substance of the conductor, where the resultant force 
is zero. Now the surface integral of normal force taken over 
Sis zero, so that, according to Gauss’s Theorem, the algebraic 
sum of the quantities of electricity within the cavity and upon 
S;is zero. That is, 


M, +m +m, +mg+ += M+) (m) =0, [164 ] 


and this is our theorem, which is true whatever the charge on 
S, is, and whatever distribution of free electricity there may 
be outside A. If the distribution of the electricity within the 
cavity be changed by moving m,, mb, etc., to different positions, 
the distribution of M,on S, will in general be changed, although 
its value remains unchanged. 

If K has received no electricity from without, its total charge 
must be zero; that is, 


M,=—M,=)° (m). 


If acharge algebraically equal to M be given to K, 
M,=M— M,. 


The combined effect of @™ the electricity within the cavity, 


and M,, the electricity on the walls of the cavity, is at all points 
without S, absolutely null. For, if we apply [153] to S, any sur- 
face drawn in the conductor so as to enclose S,, we shall have J),}’ 
everywhere zero, since the potential function is constant within 
the conductor; this shows that V;, the potential function due to 
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all the electricity within S, must be zero at all points without S ; 
but S may be drawn as nearly coincident with S; as we please. 
Hence our theorem, which shows that, so far as the value of the 
potential function in the substance of the conductor or outside 
it, and so far as the arrangement of M, and of M', any free 


electricity there may be outside Jy, are concerned, M, and) (m) 


might be removed together without changing anything. The 
potential function at all points outside S, is to be found by con- 
sidering only M,and M'. 


If S; happens to be one of the equipotential surfaces of ) (m) 


considered by itself, M, will be arranged in the same way as a 
charge of the same magnitude would arrange itself on a con- 
ductor whose outside surface was of the shape S;,, if removed 
from the action of all other free electricity. 

The potential function (V,) due to M, and M' is constant 
everywhere within S,; for if we apply [154,]to a surface S, 
drawn within the substance of the conductor as near S, as we 
like, we shall have 

V.—Vi=9, 


which proves the theorem. 


The potential function within the cavity is equal to V,+V,, 
where V, is the potential function due to M, and) (mn). Of these, 


V, is, as we have seen, constant throughout A and the cavity 
(Section 31) which it encloses, while V, has different values in 
different parts of the cavity, and is zero within the substance of 
the conductor. 

Suppose now that, by means of an electrical machine, some 
of the two kinds of electricity existing combined together in a 
conductor within the cavity be separated, and equal quantities 
(q) of each kind be set free and distributed in any manner 
within the cavity. 

The value of V, within the cavity will probably be different 
from what it was before, but V, will be unchanged; for the 
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quantity of matter in the cavity is unchanged, being now, alge- 
braically considered, 


dm) +9-4= > m), 


so that MW; is unchanged, although it may have been differently 
arranged on S;, in order to keep the value of V, zero within 
the substance of the conductor. If now a part of the free 
electricity in the cavity be conveyed to S; in some way, the sub- 
stance of the conductor will still remain at the same potential as 
before. For, if 7 units of positive electricity and » units of 
negative electricity be thus transferred to S;, the whole quantity 


of free electricity within the cavity will be »~™ —l+n, and 


that on S, will be M;+/—n: but these are numerically equal, 
but opposite in sign, and the charge on S,, if properly arranged, 
suffices, without drawing on M, to reduce to zero the value of 
V,in K. Since M, and M' remain as before, V, is unchanged, 
and the conductor is at the same potential as before. So long 
as no electricity is introduced into the cavity from without K, 
no electrical changes within the cavity can have any effect out- 
side S,. 

Most experiments in electricity are carried on in rooms, which 
we can regard as hollows in a large conductor, the earth. V3, 
the value of the potential function in the earth and the walls of 
the room, is not changed by anything that goes on inside the 
room, where the potential function is V=V,+V;. Since we 
are generally concerned, not with the absolute value of the poten- 
tial function, but only with its variations within the room, and 
since V, remains always constant, it is often convenient to dis- 
regard V, altogether, and to call V, the value of the potential 
function inside the room. When we do this we must remember 
that we are taking the value of the potential function in the 
earth as an arbitrary zero, and that the value of V, at a point in 
the room really measures only the difference between the values 
of the potential function in the earth and at the point in ques- 
tion. When a conductor A in the room is connected with the 
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walls of the room by a wire, the value of V;, in A is, of course, 
zero, and A is said to have been put to earth. 


58. Induced Charge on a Conductor which is put to Earth. 
Suppose that there are in a room a number of conductors, viz. : 
A, charged with M, units of electricity, and A,, A;, Ay, etc., 
connected with the walls of the room, and therefore at the po- 
tential of the earth, which we will take for our zero. If the 
potential function has the value p, inside A,, every point in the 
room outside the conductors must have a value of the potential 
function lying between p, and 0, else the potential function must 
have a maximum or a minimum in empty space. If p, is posi- 
tive, there can be no positive electricity on the other conductors ; 
for if there were, lines of force must start from these conductors 
and go to places of lower potential ; but there are no such places, 
since these conductors are at potential zero, and all other points 
of the room at positive potentials. In a similar way we may 
prove that if p, is negative, the electricity induced on the other 
conductors is wholly positive. 

Now let us apply [154,]to a spherical surface, drawn so as 
to include -4, and at least one of the other conductors, but with 
radius a so small that some parts of the surface shall lie within 
the room. If we take the point O at the centre of this surface, 
we shall have 


i 1 
4nVi=~ [D,V-ds+-, { Vas. [165] 


If Mis the whole quantity of electricity within the spherical 
surface, there must be a quantity — M outside the surface, either 
on the walls of the room or on conductors within the room. 
The value at O of the potential function, V,, due to the elec- 
tricity without the sphere, is less in absolute value than — M 

a 
for it could only be as great as this if all the electricity outside 
the sphere were brought up to its surface. 

By Gauss’s Theorem, , 


DV ds=— 40M, 
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therefore, Vas =47ra[M+aV)]. [166] 


Now, if M, is positive, the integral is positive, for all parts of 
the spherical surface within the room yield positive differentials, 
and all other parts zero, so that the second side of the equation 
is positive. But aV, is of opposite sign to M, and is less in 
absolute value ; hence, M is positive, and the total amount of 
negative electricity induced on the other conductors within the 
spherical surface by the charge on A,, is numerically less than 
this charge, unless some one of these conductors surrounds A; ; 
in which case the induced charge comes wholly on this conduc- 
tor, while the other conductors, and the walls of the room, are 
free. Some of the tubes of force which begin at A, end on the 
walls of the room, provided these latter can be reached from 
A, without passing through the substance of any conductor. 


59. Coefficients of Induction and Capacity. If a number of 
insulated conductors, A,, A;, Ay, etc., are in a room in the pres- 
ence of a conductor A, charged with I, units of electricity, the 
whole charge on each is zero; but equal amounts of positive and 
negative electricity are so arranged by induction on each, that 
the potential function is constant throughout the substance of 
every one of the conductors. 

Let the values of the potential functions in the system of con- 
ductors be 1, P2, Ps; Ps, etc. Since each conductor except A, is 
electrified, if at all, in some places with positive electricity, and 
in others with negative electricity, some lines of force must 
start from, and others end at, every such electrified conductor, 
so that there must be points in the air about each conductor at 
lower and at higher potentials than the conductor itself. But 
the value of the potential function in the walls of the room is 
zero, and there can be no points of maximum or minimum poten- 
tial in empty space; so that p, must be that value of the poten- 
tial function in the room most widely different from zero, and 
Po» P35 Pa, etc., must have the same sign as /). 

The reader may show, if he likes, that both the negative part 
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and the positive part of the zero charge of any conductor, ex- 
cept Aj, is less than M. 

Let py, be the value of the potential function in a conductor 
A, charged with a single unit of electricity, and standing in 
the presence of a number of other conductors all uncharged 
and insulated. Then if py, 3, Pu, ete., ave, under these cir- 
cumstances, the values of the potential functions in the other 
conductors, Aj, A;, Ay, ete., the potential functions in these 
conductors will be M, py, M, pis, My py, etc., if A, be charged 
with M, units of electricity instead of with one unit. This is 
evident, for we may superpose a number of distributions which 
are singly in equilibrium upon a set of conductors, and get a 
new distribution in equilibrium where the density is the sum of 
the densities of the component distributions, and the value of 
the resulting potential function the sum of the values of their 
potential functions. 

If A, be discharged and insulated, and a charge M, be given 
to A,, the values of the potential functions in the different con- 
ductors may be written 

M, pny Mz Pr, Mz Pos, Mz pos, ete. 

If now we give to A, and A, at the same time the charges M, 
and M, respectively, and keep the other conductors insulated, 
the result will be equivalent to superposing the second distribu- 
tion, which we have just considered, upon the first, and the con- 
ductors will be respectively at potentials, 


MM, put Me pa, Mi py + Mop, My pis + Mo po, etc. [167] 

If all the conductors are simultaneously charged with quanti- 

ties MM), M,, M;, M,, etc., of electricity respectively, the value 
of the potential function on A, will be 

Vi = M, Dy + Me Pox + Me Psu + 2+* + Mi Pin + Mn Pry [168] 

Writing this in the form V,=o,+ M,p,,, we see that if the 

charges on all the conductors except A, be unchanged, a, will be 


constant, and that every addition of au units of electricity to 
Prx 
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the charge of A, raises the value of the potential function in 
it by unity. If we solve the » equations like [168] for the 
charges, we shall get n equations of the form 


Me =Vi Git Vodou + Vaden + Vida to + Vn Quer [169] 
where the q’s are functions of the p’s. 

If all the conductors except A, are connected with the earth, 
M,=Vi.Giny 2nd Jy, is evidently the charge which, under these 


circumstances, must be given to A, in order to raise the value 
of the potential function in it by unity. It is to be noticed that 


Yi, and a are in general different. 
Prx 

The charge which must be given to a conductor when all the 
conductors which surround it are in communication with the 
earth, in order to raise the value of the potential function with- 
in that conductor from zero to unity, shall be called the 
capacity of the conductor. It is evident that the capacity of a 
conductor thus defined depends upon its shape and upon the 
shape and position of the conductors in its neighborhood. 


60. Distribution of Electricity on a Spherical Conductor. 
Considerations of symmetry show that if a charge M be given 
to a conducting sphere of radius 7, removed from the influence 
of all electricity except its own, the charge will arrange itself 
uniformly over the surface, so that the superficial density shall 
be everywhere o = rae 


The value, at the centre of the sphere, of the potential function 
due to the charge M on the surface is sill and, since the potential 
- 


function is constant inside a charged conductor, this must be 
the value of the potential function throughout the sphere. If 


is equal to r, wes 1; hence the capacity of a spherical conductor 
r 


removed from the influence of all electricity except its own, is 
numerically equal to the radius of its surface. 
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61. Distribution of a Given Charge on an Ellipsoid. It is 
evident from the discussion of homceoids in Chapter I. that a 
charge of electricity arranged (on a conductor) in the form of 
a shell, bounded by ellipsoidal surfaces similar to each other 
(and to the surface of the conductor), and similarly placed, 
would be in equilibrium if the conductor were removed from the 
action of all electricity except its own. We may use this prin- 
ciple to help us to find the distribution of a given charge on a 
conducting ellipsoid. 

Let us consider a shell of homogeneous matter bounded by 
two similar, similarly placed, and concentric ellipsoidal surfaces, 
whose semi-axes shall be respectively a, b,c, and (1+a)a, 
(1+a)b, (1+a)c. If any line be drawn from the centre of 
the shell so as to cut both surfaces, the tangent planes to these 
two surfaces at the points of intersection will be parallel, and 
the distance between the planes is pa, where p is the length 
of the perpendicular let fall from the centre upon the nearer of 
the planes. , 

If p is the volume density of the matter of which the shell is 
composed, the mass of the shell is M=4zabe[(1+a)?—1]p, 
and the rate at which the matter is spread upon the unit of sur- 
face is, at any point, o =pd, where 6 is the thickness of the 
shell measured on the line of force which passes through the 
point in question. Eliminating p from these equations, we have 

M8 
Be a abd [a fo? +4$o°] B70) 
If, now, in accordance with the hypothesis that the thickness of 
the electric charge on a conductor is inappreciable, we make a 
smaller and smaller, noticing that 6 differs from pa by an infini- 
tesimal of an order higher than the first, we shall have for a 
strictly surface distribution, 


Mp. 
47 abe 
If the equation of the surface of the ellipsoidal conductor is 


C= 


[171] 
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This last expression shows that, as ¢ is made smaller and 
smaller, o approaches more and more nearly the value 


we have 


and 


172 
co ceLarg [ J 
a? 


and this gives some idea of the distribution on a thin elliptical 
plate whose semi-axes are a and b. 
For a circular plate, we may put a = 0 in the last expression, 
“which gives 
M 


4 ra y/q? — 7 
for the surface density at a point r units distant from the centre 
of the plate. 

The charge M distributed according to this law on both sides 
of a circular plate of radius a@ raises the plate to potential 


ries af dr os aM 
at Veep 2a’ 
so that the capacity of the plate is 
2a 


as 


[173] 


[174] 


62. Spherical Condensers. If a conducting sphere A of radius 
r (Fig. 43) be surrounded by a concentric spherical conducting 
shell B of radii 7; and 7, and charged with m units of electricity 
while B is uncharged and insulated, we shall have 

(1) the charge m uniformly distributed upon S, the surface 
of the sphere ; 

(2) aninduced charge — m (Section 57) uniformly distributed 
upon S,, the inner surface of B; 
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(8) acharge +m (since the total charge of B is zero) uni 
formly distributed on S,, the outer surface of B. 


“ 


The value at the centre of the sphere of the potential function 


due to all these distributions is V,= beans sig and this is 
Yr 


i o 


r 
the value of V throughout the conducting sphere. The value of 


m 
the potential function in Bis Vz = a 


If now a charge M be communicated to B, this will add itself 
to the charge m already existing on S,, and the charge on S, will 
be undisturbed. The values of the potential functions in the 
conductors are now 


(ee COs teh woe epee 


? T; r 


v 


m+ M 


a 
o ro 


If now B be connected with the earth so as to make V,=0, 
the charges on S and S; will be undisturbed, but the charge on 
S, will disappear. V, is now equal to“ —™. 

fale 


If A were uncharged, and B bad the charge M, this charge 
would be uniformly distributed upon S,, for, since the whole 
charge on S is zero, the whole charge on S; must be zero also. 
It is easy to see that S and S; must both be in a state of nature, 
for if not, lines of force must start from S and end at S,, and 
others start at S; and end at S, which is absurd. 
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If A were put to earth by means of a fine insulated wire 
passing through a tiny hole in B, and if B were insulated and 
charged with M units of electricity, we should have a charge a 
on S, a charge — x on S,, and a charge M@+ao0n8,. To find 


x, we need only remember that V, =~ —~ + ~ + — = 0, whence 
Paap st Cy 


x may be obtained. ae 

If B be put to earth, and A be connected by means of the fine 
wire just mentioned, with an electrical machine which keeps its 
prime conductor constantly at potential V;, A will receive a charge 
y and will be put at potential V;. To find y, it is to be noticed 
that there is a charge — y on S;, and no charge on S,, which is 


i! 
put to earth, V,= - - . = V,, whence y may be obtained. 


If r= 99 millimeters and 7,= 100 millimeters, y = 9900 V;. 

If a sphere, equal in size to A but having no shell about it, 
were connected with the same prime conductor, it too would 
receive a charge z sufficient to raise it to potential V,, and a 


o oO 


would be determined by the equation V;= ae ttn 99, we have 
m 


z=99 V,; hence we see that A, when surrounded by B at 
potential zero, is able to take one hundred times as great a 
charge from a given machine as it could take if B were removed. 
In other words, B increases A’s capacity one hundred fold. 
A and B together constitute what is called a condenser. 


If A of the condenser AB, both parts of which are supposed 
ancharged, be connected by a fine wire (Fig. 44) with a sphere 
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A' which has the same radius as A, and is charged to potential 
V,, A and A! will now be at the same potential [V,], and 4 will 
have the charge w, and A' the charge y. The total quantity of 
electricity on A’ at first was rV,, so that ¢+y—=7rV,, and 
ee aes oe a ae 

whence # and y may be found. 

The reader may study for himself the electrical condition of 
the different parts of two equal spherical condensers (Fig. 45,, 


of which the outer surface S, of one is connected with an elec- 
tric machine at potential V;, and the inside of the other, S’, is 
connected with the earth. The two condensers, which are sup- 
posed to be so far apart as to be removed from each other’s 
influence, illustrate the case of two Leyden jars arranged in 
cascade. 


63. Condensers made of Two Parallel Conducting Plates. 
Suppose two infinite conducting planes A and B to be parallel 
to each other at a distance a apart; choose a point of the 
plane A for origin, and take the axis of x perpendicular to the 
planes, so that their equations shall be a= 0 andaw=a. Let the 
planes be charged and kept at potentials V, and V, respectively. 
It is evident from considerations of symmetry that the potential 
function at the point P between the two planes depends only 
upon P’s « codrdinate, so that 


D,V=0, D,.V=0, DiV=0, D2V=0. 
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Laplace’s Equation gives, then, 
a, 

whence D,V=C, and V=Cr+D. 

If <=0, V=V,; and if s=a, V= JV; 80 that 

V=(Ve—Vi)e+Vi, and D,V= Ye=Va, 

The lines of force are parallel between the planes, and the 

surface densities of the charges on A and B are 
ViVi al 


= ; 
c d ZS t ] . 
year ee respectively 


If we take a portion of area S out of the middle of each plate, 
S(Vi— Vs) 
47a j 
and an equal quantity of the other kind of electricity on S,. 
The force of attraction between S, and S, will be 270*-S, or 
SEOVG Va). 


8r OF 


there will be a quantity of electricity on S, equal to 


ir S, be put to earth, the charge that must be given to S, in 
order to raise it to potential unity is 


S 


Ara 


In other words, the capacity of S, is inversely proportional to 
the distance between the plates. 

Tn the case of two thin conducting plates placed parallel to and 
opposite each other, at a distance small compared with their 
areas, the lines of force are practically parallel except in the 
immediate vicinity of the edges of the plates ;* and we may infer 


Fie. 46. 


* See Maxwell’s Treatise on Electricity and Magnetism, Vol. I. Fig. XII. 
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from the results of this section that the capacity of a condenser 
consisting of two parallel conducting plates of area S, separated 
by a layer of air of thickness a, when one of its plates is put to 
earth is very approximately ay. for large values of 2 
47a a 
64. Capacity of a Long Cylinder surrounded by a Concentric 
Cylindrical Shell. In the case of an infinite, conducting cylinder 
of radius 7,;, kept at potential V; and surrounded by a concentric 
conducting cylindrical shell of radii 7, and 7', kept at potential 
V., we have symmetry about the axis of the cylinder, so that 
Ds V = 0, and Laplace’s Equation reduces to the form 
DV 
DZV + Tr ae 0, 
whence, for all points of empty space between the cylinder and 
its shell, V= C+ Diogr. 


But V=V, when r=7,, and V=V, when r=7,, 


r, A 
V; log poets V, log = 


hence ee [175] 
log ue 
t; 
and pee ees 
log To Ue 


Fic. 47. 


The surface densities of the electricity on the outer surface 
of the cylinder and the inner surface of the shell are respectively 
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V; rae is Ee fee V; 
ea and ae 
4ar; err 4 ar, ee. 


so that the charge on the unit of length of the cylinder is 
V; rz SS 


2 log ” 
inner surface of the shell is the negative of this. We may 
find the capacity of the unit length of the cylinder by putting 


» and the charge on the corresponding portion of the 


V,=0 and V,=1, whence capacity = 


ue 
L 


T: 


2 log 


If r, in this expression is made very large, the capacity of 
the cylinder will be very small. 

In the case of a fine wire connecting two conductors, 7; will 
be very small, and there will be no conducting shell nearer 
than the walls of the room, so that the capacity of such a 
wire is plainly negligible. 


65. Charge induced on a Sphere by a Charge at an Outside 
Point. The value at any point P of the potential function due 
to m, units of positive electricity concentrated at a point 
A,, and m, units of negative electricity concentrated at a point 
A,, is 

yom. ™, where r,= A,P and r, = AP. 
"1 Ue 
It is easy to see that if m, is greater than Mz, 80 that 
Mm, = Am, 


where A> 1, V will be equal to zero all over a certain sphere 
which surrounds A,. 
If (Fig. 48) we let 4,4,=a, 4;0=38, 4,0=8, OD=7, 
it is easy to see that 
Na a Be 5, 


Be 3akh, ren ey 
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and Pg in eee iy [176] 
8 by 
If PR represents the force f, due to the electricity at A,, and 
PQ the force f, due to the electricity at A,, the line of action of 
the resultant force # (represented by PZ) must pass through 
the centre of the sphere, since the surface of the sphere is equi- 
potential. 


Fic. 48. 


The triangles A, PO and A, PO are mutually equiangular, for 
they have a common angle 4,O/P, and the sides including that 
angle are proportional (7? =6,6,). Hence, from the triangles 
QPL and A,PA,, by the Theorem of Sines, 


a gg ef oleh a [177] 


; eo eo pc Lae tee 
sina; sina, sin(a,— 4) 


(aly Se ee a 


= as 178 
Sina, sina, sin (ag—a,) 4 [178] 
a am, arm 
whence path_ — AEN 


Now, according to Section 49, we may distribute upon the 
spherical surface just considered a quantity m, of negative elec- 
tricity in such a way that the effect of this distribution at all 
points outside the sphere shall be equal to the effect of the 
charge — mz, concentrated at A,, and the effect at points within 
the sphere shall be equal and opposite to the effect of the charge 
m, concentrated at A; Since F is the force at P in the diree- 
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tion of the interior normal to the sphere, we shall accomplish 
this if we make the surface density at every point equal to o, 
where 


dao = — P= — Om _ — Gr) m [180] 
ry rr; 

and if we now take away the charge at A,, the value of the po- 
tential function throughout the space enclosed by our spherical 
surface, and upon the surface itself, will be zero. If the spheri- 
cal surface were made conducting, and were connected with the 
earth by a fine wire, there would be no change in the charge of 
the sphere, and we have discovered the amount and the distri- 
bution of the electricity induced upon a sphere of radius 7, con- 
nected with the earth by a fine wire and exposed to the action 
of a charge of m, units of positive electricity concentrated at a 
point at-a distance 6, from the centre of the sphere. 

If now we break the connection with the earth, and distribute 
a charge m uniformly over the sphere in addition to the present 
distribution, the potential function will be constant (although 
no longer zero) within the sphere, and we have a case of equi- 
librium, for we have superposed one case of equilibrium (where 
there is a uniform charge on the sphere and none at A,) upon 
another. The whole charge on the sphere is now 


pine, 

ae 

and the value of the potential function within it and upon the 
surface, 


M=n—m,=m — 


r Onn 


If the conducting sphere were at the beginning insulated and 
uncharged, we should have M = 0, and therefore 


ells! ( ae — " and V= 4. [181] 
r; 


~ Agr om ia 


If we have given that the conducting sphere, under the influ- 
ence of the electricity concentrated at A, is at potential V;, we 
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know that its total charge must be Vyr — seu and its surface 
it 


density 1 (v Gin), [182] 
1 


4. Tr Te 


It is easy to see that the sphere and its charge will be 
attracted toward A, with the force 


Myr m0" V, ‘ 
3 Cs: as 7)2 S )s [183] 
and the student should notice that, under certain circumstances, 
this expression will be negative and the force repulsive. 

If m, = mz, the surface of zero potential is an infinite plane, 
and our equations give us the charge induced on a conducting 
plane by a charge at a point outside the plane. 

The method of this section enables us to find also the 
capacity of a condenser composed of two conducting cylindrical 
surfaces, parallel to each other, but eccentric; for a whole set 
of the equipotential surfaces due to two parallel, infinite 
straight lines, charged uniformly with equal quantities per 
unit of length of opposite kinds of electricity, are eccentric 
cylindrical surfaces surrounding one of the lines, A,, and leav- 
ing the other line, 4;, outside. We may therefore choose two 
of these surfaces, distribute the charge of A, on the outer of 
these, and the charge of A, on the inner, by the aid of the 
principles laid down in Section 49, so as to leave the values 
of the potential function on these surfaces the same as before. 
These distributions thus found will remain unchanged if the 
equipotential surfaces are made conducting. 

The reader who wishes to study this method more at length 
should consult, under the head of Electric Images, the treatises 
of Cumming, Maxwell, Mascart, Tarleton, and Watson and 
Burbury, as well as original papers on the subject by Murphy 
in the Philosophical Magazine, 1833, p. 350, and by Sir _ 
W. Thomson in the Cambridge and Dublin Mathematical 
Journal for 1848. 


ELECTROSTATICS. Lp 


66. The Energy of Charged Conductors. If a conductor of 
capacity C’, removed from the action of all electricity except its 
own, be charged with M, units of electricity, so that it is at 


potential Vj = a the amount of work required to bring up to 


the conductor, little by little, from the walls of the room, the 
additional charge AM, is A W, which is greater than V,-AM or 
Gi AM, and less than (i+ AyV)- AM or MAM. aay, 
If the charge be increased from M, to M, by a constant flow, 
the amount of work required is evidently 
“ZMdM M?—M;? C 
———q—_—S|S Ss ————————_ = V.2 os 2 . 184 
The work required to bring up the charge MW to the conductor 
at first uncharged is then 
i! ernie C8 Zh ety: 
2C 2 2, 


[185] 


This is evidently equal to the potential energy of the charged 
conductor, and this is independent of the method by which the 
conductor has been charged. 

If, now, we have a series of conductors A,, Ay, A;, ete., in the 
presence of each other at potentials V|, Vj, Vz, ete., and having 
respectively the charges M,, M,, M;, etc., and if we change all 
the charges in the ratio of « to 1, we shall have a new state of 
equilibrium in which the charges are «M,, «M,, «Ms, etc. ; and 
the values of the potential functions within the conductors are 
“Vi, «V2, «V3, ete. The work (AW) required to increase the 
charges in the ratio «+ Aw instead of in the ratio x is greater 
than 

(M, Ax) (a@V,) + (M2 Ax) (2 V2) + (M, Ax) (a V2) + ete., 


or x hx[M, V,+ M,V,+ M,V; + etc.], 
and less than 
(a + Ax) Ax [M,V, +M,V,+M,V;+ ete. ] ; 
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hence the whole amount of work required to change the ratio 
from — to ~ is 


1 i 


Wo” 


a. 2 
W, aa? W, —= a= [M, Va ol M, V, -}- M; V; 4 ete. |. [186 ] 


If in this equation we put z,=0 and z,=1, we get for the 
work required to charge the conductors from the neutral state 
to potentials V;, Vo, Vs, 


W=43(MVi+ WVe+ MY, +--J=4> GLY), [187] 


a particular case of the general formula stated in Section 27. 

The work required to make any combination of changes of 
charge on any system of fixed conductors is evidently equal 
to the difference between the intrinsic energies of the system 
in its original and final states. If V,, V,,' represent the initial 
and final potentials on the kth conductor, and e, and e,' the 
original and final charges, 


Ff! = KH = +> one! oo +> VE y- 


Since the final energy is independent of the manner in which 
the changes are produced, we may suppose that the changes 
take place gradually and at the same relative rate for all the 
conductors, so that at any instant the charge of each conductor 
has received the same fraction of its whole increment or 
decrement that every other conductor has received, it being 
understood that in the general case some charges will be in- 
creased and others decreased. At the instant when the change 
accomplished is to the whole change as x: 1, the charge of the 
kth conductor is e, + x (e,' — e,), and the value of the poten- 
tial function in this conductor is V+ «(V,'—V,). In order 
to increase « by Az, the charge must be increased by the 
amount Ax(e,'—e,), and to bring this up from infinity an 
amount of work equal approximately to 


(e! =) [Vi + a(V;'—V,) Az 
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must be done, and for the whole system the corresponding 
work is ick — &)[V,+2(V,'—V,)]Ax. To find the work 


required to bring about the whole change, this expression 
must be integrated with respect to 2 between the limits 0 
and 1. This process yields 


E'— B= 1% eee); 


and by comparing this with the result stated above we learn 
that we may also write 


E'—E= 1 = Fey (ey! +e). 


We learn incidentally that ats => V,', and we see 


that if all-but two (4,, 4,) of any system of conductors are 
either put to earth or are insulated and without charge, 
€1'Vi + eq! Vz = €,Vy' + €, Vi! 

Lie 1e e = 05 4 = 0, 6S 1, VY, = Ve,-and if Vy =, 
V,=0, V,;'=0, V.' = 1, e,'= e, so that a unit charge given 
to A,, while A, is uncharged and insulated, raises A, to the 
same potential that 4A, would have if it were uncharged and 
insulated while A, had a unit charge; and the same quantity 
of electricity is induced on A, when it is put to earth, while 
A, is charged to potential unity as would be induced on <A, if 
it were put to earth and A, charged to potential unity. Using 
the notation of Section 59, this shows that p,, =p, and that 
Gt = Ver} We may write, therefore, 


= Nee e, Prk >> ae 


=4 One - Pula? + Poses’ +--+ Dan’n @. 

+ Py2@12 + P3013 + +++ + Posts + Psslsls + °° 
=$ (QV? + Yn V 2? + Ass Gee ea Pl Ge) 

+ G2ViV_+ MsVi Vs +--+ + G3V2V5 

+ 94 V3V4 +--+ 
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If the conductors are fixed so that the p’s and q’s are con- 
stant, we may learn from differentiating this last equation that, 
if all the charges but e, are kept constant, D,.# = V,, and if 
the values of the potential function in all but one of the 
conductors (the kth) are unchanged D,, H = ¢,. 

If the system changes its configuration, the p’s and q’s are 
in general changed, and we learn that if the charges are kept 
constant during the change, 


A'E =F yay ¢ AD, « } 
k r 


but that if by suitable changes in the charges the potentials 


are unchanged, 
A"E = > ay es 


k 


In the latter case, AV,, or SY AGP) =0, so that dias V,,0r 
OSs (€,€, ADK aie Cn Pre Ae, = é, AD, x Ae,), 


or 2AN'H+2A"# +> Ara Ate = ()h 


If, therefore, @ is any coordinate, which defines the con- 
figuration, 


: . ! : . Woy 
we (22) =— ats (M2), o ee nee, 

A system of conductors with constant charges when left 
to itself tends to obey the urgings of the reciprocal forces 
between its parts, and therefore to diminish its intrinsic 
energy. If, in this case, the single codrdinate ¢ is free to 
change and is increased by Ad, the energy after the change 
is H+ A'H, where A'F# is really negative. The mechanical 
work done by the forces is —D,H#-Aqg. If, now, ¢ had been 
changed as before by the same small increment, Ad, while the 
potentials were kept constant by bringing up to each con- 
ductor from without the necessary quantity of electricity, the 
energy after the change would have been #+ AH, where 
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A"F is really positive. The energy has therefore increased 
by an amount practically equal to the former loss, Practi- 
cally the same amount of mechanical work has been done as 
before, and enough energy has been introduced from without 
to do this work and to add an equivalent amount besides this 
to the potential energy of the system. The contribution, 
therefore, from outside sources is about 2A"#. These state- 
ments applied to a small change in ¢ are based on the exact ° 
equation D,'H = — D,"E, proved above. 


67. Ifa series of conductors A,, A, A, etc., are far enough 
apart not to be exposed to inductive action from one another, 
and have capacities C,, C,, C3, etc., and charges M,, M3, M,, etc., 
so as to be at potentials V,, Vz, V3, etc., where M_=C,V,, 
M, = C,V2,. Mz = C,V3, etc., we may connect them together by 
means of fine wires whose capacities we may neglect, and thus 
obtain a single conductor of capacity 


Cy +C,+C,+ ++ =) (O: 
The charge on this composite conductor is evidently 
M+ M,+M+-=> OD; 


and if we call the value of the potential function within it V, we 


shall have a> (C) =) (M); 


_ OV + OV, + OVe + + 
= ’ [188] 
CHE Oy, 
a formula obtained, it is to be noticed, on the assumption that 
the conductors do not influence each other. 
The energy of the separate charged conductors before being 
connected together was 


2 2 2 
EM IV Vu et ee * 
\ GQ, C; C; 


= oes ); [189] 


whence V 
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and the energy of the composite conductor is 


4(M, + M, + My + eNO ali aes oe 
C40, +O. 


w= 


_ AOE + M+ Mt) ‘Lee aaa [190] 
CoC Cee 


which is always less than #, unless the separate conductors 
were all at the same potential in the beginning. 


68. Specific Inductive Capacity. In all our work up to 
this time we have supposed conductors to be separated from 
each other by electrically indifferent media, which simply 
prevent the passage of electricity from one conductor to 
another. We have no reason to believe, however, that such 
media exist in nature. Experiment shows, for instance, that 
the capacity of a given spherical condenser depends essentially 
upon the kind of insulating material used to separate the 
sphere from its shell, so that this material, without conduct- 
ing electricity, modifies the action of the charges on the con- 
ductors. Insulators, when considered as transmitting electric 
action, are sometimes called dielectrics. 

Given two condensers of any shape, geometrically alike 
in all respects, with plates separated in the one case by a 
homogeneous dielectric, A, and in the other case by another 
homogeneous dielectric, B, the ratio of the capacities is 
found to be the same whatever the shape or dimensions of 
the condensers when these same two dielectrics are used. If 
this ratio is unity, the dielectrics are said to have the same 
electrical inductivity or the same specific inductive capacity. 
If the ratio of the capacities of the first and second con- 
densers is n, A is said to have an inductivity n times as great 
as that of B. The electrical inductivity of dry air at the 
standard pressure and temperature being chosen as a standard, 
the electrical inductivities of all other known substances are 
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positive quantities which in the case of any one specimen, 
though somewhat dependent upon conditions of temperature 
and pressure, may be considered independent of the electrical 
stress to which the substance may be exposed. The letter p 
is often used to represent the inductivity of a medium. It is 
generally assumed, for the sake of definiteness, that outside all 
the material media upon which we can experiment, the ether 
extends indefinitely in all directions and the inductivity of 
the ether is assumed to be sensibly the same as that of air 
under standard conditions. We cannot expect that a non- 
homogeneous dielectric will have the same inductivity through- 
out, so that in the general case we must assume that p is a 
function of the space codrdinates. The vector formed by 
be 


multiplying the force by the scalar quantity ies is sometimes 
T 


ealled the displacement. The force is occasionally called 
the electrical intensity, or the electromotive intensity. 

We may best sum up the results of experiments upon the 
behavior of dielectrics in electric fields by stating some gen- 
eral equations which may be used in solving any problem. 
We shall find it convenient to write down first, for the sake 
of comparison, the simplified forms of these equations which 
we have shown to be characteristic of the electric field about 
any distribution of electricity when air is the only dielectric. 

If X, Y, Z are the force components parallel to the axes, 
and if V is the potential function, so that 

X=-D,V, Y=—D,V, Z=-D,/, 


- we know that when p= 1, 
(1) D,X+D,VY+ D,Z=+4 7p, 


except at surfaces where p is discontinuous. 

(2) The surface integral of the normal (outward) com- 
ponent of the force taken over any closed surface is equal 
to 4m times the amount of matter (algebraically reckoned) 


within the surface ; or g NdS=47M. 
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(3) At a charged surface all the tangential components ot 
the force are continuous, but the normal components are dis- 
continuous in the manner indicated by the equation 


DN, N= Lorer, 


where N, and JN, represent the normal force components taken 
away from the surface on both sides. If the charged surface 
is not equipotential, the lines of force which cross it are in 
general refracted ; for, if ¢, is the angle which a line of force 
in reaching the surface makes with its normal, ¢, the angle 
which the same line makes with the normal on leaving the 
surface on the other side, and, if 7, and 7, are the tangential 
components of the force, 7; = — N, tanq¢,, TZ, = N, tan do, 
and since 7,= 7,, N, tan d, + N, tand, =90, or, since the 
normal component is discontinuous, 


(4 ro — Nj) tan pd, + N, tan ¢, = 0. 


(4) V so vanishes at infinity that rV and 7?D,V have 
finite limits. 


If we now introduce a new vector (called the induction) 
equal to the product of the scalar point function » and the 
force, we may write down a set of equations, very like those 
which we have just enumerated and equivalent to them when 
# = 1, which will give the force components and the potential 
function in terms of the charges when uw is different from 
unity and (in the general case) determined by different 
analytic functions of the space coérdinates in different por- 
tions of space. 

In general, 


(1) Dz@X)+D,WY)+D,WZ)=+4e9 [191] 
at every point in space, except at surfaces where either p or pu 
is discontinuous. Since in all cases XY =—D,V, Y=— dey 


Z=— D,V, this equation may be written 
D,(pD,V) + D,(uD,V) + D,(uD,V)=—Aap. [192] 
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In a dielectric of uniform inductivity it becomes 
wV?V = — Arp. 


(2) The integral, taken over any closed surface, of the out- 
ward normal component of the induction is equal to 4 7 times 
the amount of matter within the surface, or 


f pNdS = 40. [193] 


(3) If the surface of separation between two different dielec- 
trics which are in contact with each other has a charge of 
superficial density, o, all the foree components tangent to the 
surface are continuous. If », and pe are the inductivities of 
the two media, the normal component of the induction is dis- 
continuous in the manner indicated by the equation 


MN, + po, = +470, 
or 11D, V + p2D,,V =— Ano. [194] 


If this surface has no charge, o = 0, and the normal component 
of the induction is continuous, though the normal force com- 
ponent is discontinuous: evidently, the law of refraction of 
the lines of force is, in this case, tan ¢,: pw, = tan dg: pe. 
Whether or not o is zero, NV, tan ¢,+ V,tangd,=0. Ata 
charged surface where the dielectric is continuous, 


u(N, + Nz) = 4x0. 


(4) V is everywhere continuous, and it so vanishes at infin- 
ity that 7V and r?D,V have finite limits. The first derivatives 
of V are everywhere continuous, except at charged surfaces 
and surfaces where the inductivity is discontinuous: here the 
tangential derivatives of V are continuous and the normal 
derivatives have the properties just discussed. The lines of 
force and the lines of induction are coincident. It is well 
to notice that what we have here called the induction and 
what is usually called induction in perfectly hard magnets 
are different special cases, as will be shown later on, of a 
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much more complex vector which appears in some general 
problems. 

It is easy to prove with the help of [149] a series of theo- 
rems concerning the potential function analogous to those 
already found for the case where »=1. For instance: if the 
closed surface S, shuts in the closed surface S,, there cannot 
be two different functions, V and V', which (1) between S, and 
S, satisfy the equation 


D, (uw D,w) + D, (ue Dyw) + D, (u Dw) = 0, 


where pw is a given, everywhere positive, analytic function of 
the space coordinates, (2) are continuous in that region with 
their first derivatives, and (3) are equal at every point of S, 
and S,. Assuming, for the sake of argument, that two such 
functions exist, we may call their difference w and note that 
u and its first derivatives are continuous between S, and &,, 
and that «w vanishes at every point of these surfaces. Since 
u satisfies the equation 


D,, (wD) + D, (uD) + D, (uD) = 9 


between S, and S,, we may conveniently make A=p, U=V=u 
in [149], for both integrals in the second member of the equa- 
tion vanish, and we learn that 


Sf ful Dao? + (Dy? + (Dw) Jdedyde = 0 


when extended over the region in question. Since p is posi- 
tive, and the integrand can never be negative, 


Du= Du= Du=0, 


and wis a constant. But w=0 on S, and S,, hence V and V’'! 
are identical. 

If, while satisfying conditions (1) and (2), V and V’' are 
required to have equal normal derivatives at every point of S, 
and S,, it is easy to prove in a similar manner that one can 
differ from the other only by a constant. 
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With given values of the volume density in given regions 
of space, and with given values of the superficial density on 
given surfaces, the force components and the potential func- 
tion are, in general, different when » =1 and when up is dif- 
ferent from 1, and, if the dielectric is heterogeneous with 
surfaces of discontinuity in pw, not equipotential surfaces, the 
forms of the lines of force are very different in the two cases. 

If the dielectric of a given condenser, the plates of which 
are the surfaces S, and S,, is air, and if these plates have given 
charges, V must satisfy Laplace’s Equation between S, and S,, 
while at every part of the condenser plate D,V=— 47. If, 
now, a homogeneous dielectric of inductivity be substituted 
for the air, the new potential function V’' satisfies Laplace’s 
Equation between S, and S, (since » is constant and p is zero), 
and at every point of S, or 8S, D,V'= at Now V/p 
satisfies all these last conditions, and since two functions 
which do so can at most differ by a constant, we may write 


Vi=V/ptC. 


The force in any direction at any point in the dielectric is 
1/ as great in the second case as in the first. If S, and S,, 
instead of having given charges, had been kept at the given 
potentials V, and V,, the density of the charge at any point 
of either plate would have been p» times as great in the second 
case as in the first, while the potential function (and the 
force) would have had the same value at every point, which- 
ever dielectric was used. The capacity of the condenser is, 
in this case, equal to 


wf D, Vas, /40(V, =). 


The generalized form [192] of Poisson’s Equation, when 
expressed in terms of the orthogonal curvilinear codrdinates 
u, Vv, w as independent variables, becomes 
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A a Nato Set Ao De > DEVeE his DV ID SV Vu 
+ D,V-V?v+ D,V-V?w] 

+(D,V - D-DAY Die D AV ee) 
(Dip Dae Die Dt Dope Dew) 

+ (DV Dye DV Dy + D, Vo Rie) 
(D,p-Djyu + Diy. Dyv + D,,p- Dw) 

(DV - Dap; V-Dwut+D,V- Dw) 
(D,p- Du + Dip. Dw + Dyp- Dw)=— 4 ap. 


If » is a function of one of the codrdinates, wu, only, the 
family of surfaces on which w is constant are possible equi- 
potential surfaces due to a distribution of electricity in this 
dielectric, provided the special form of the equation just 
stated, obtained by putting 


Dy = D,w= DV =D,V =p =0, 
that is, provided the equation 


involves only wu. Now D,/p is, by hypothesis, a function 
of wu only, so that the condition is that the ratio of V2w to h,2 
shall be independent of v and w, and this is the condition 
(Section 35) that must be satisfied when the dielectric is air, 
in order that the surfaces upon which w is constant may be 
possible equipotential surfaces. 

It is easy to see that if the space between two equipoten- 
tial surfaces in air about a distribution of electricity be filled 
with a dielectric the inductivity of which is either constant 
or else a function only of the parameter of the original equi- 
potential surfaces, the new equipotential surfaces will coincide 
with the old ones, though the value of the potential function 
on any particular surface will generally be changed. 

If in [149] we make U= V/V, the potential function due to any 
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distribution of electricity, and if we make A = p, we may apply 
the equation to all space after we have enclosed by pairs of new 
surfaces all surfaces of discontinuity of p, p, or DV, and 
learn that the intrinsic energy of the distribution is equal to 


ul if Jf u[ (DV)? + (DV)? + (DV)? ] da dy dz 


extended over all space. 


When the potential function, V, due to a given distribution 
(p, «) of electricity with any given set of dielectrics has been 
found, we may ask what distribution (p’, o') of electricity 
would have given this same potential function if all the 
dielectrics had been displaced by homogeneous air. The dis- 
tribution (p', a’) is called the apparent charge to distinguish 
it from the distribution (p, 7) which is sometimes called the 
real or the intrinsic charge. From the apparent charge when 
found, V might be calculated by means of the familiar integrals 


aii its + ( (a [195] 


When Y is given, the quantity p' is determined at all points 
where the equation has a definite meaning by V?V =— 4 zp! 
and the quantity o' at all surfaces where the normal derivative 
of V is discontinuous by the equation WV, + NV, = 470". 

Now D,(uD,V)+ D,(uD,V) + D,(uD,V)=—A4np, 
or pV?V+(D,V-D,pt+D,V > D,p+D,V.D,p)=—A4zp, 
or —4rpp'+(D,V-D,ptD, Ve Digs D,p.)=—4 rp,[196 ] 
and this defines p’. In every region where pis constant p'=p/p. 

In the most general case of a surface where the normal 
derivative of V is discontinuous, there is a discontinuity in p 
at the surface and a charge, oa, on the surface so that 


aM + oe, = 470, Ni, + Ny = 470', 


& Ni (a — ps) _ a 4 Na (er = ba), 
Pe 4 rps Pi 4 py 


whence o!= 
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In a particular instance there may be a surface charge with 
no discontinuity in the dielectric, in which case co! =o/p; or 
there may be discontinuity in the dielectric with no real 
surface charge, in which case 


o! = Ny (pe — pr) /4 tHe = No (or — po) /4 rps 


The difference (p' — p, o' — o) between the apparent charge 
and the intrinsic charge is sometimes called the induced 
charge. 


The solving of one or two simple problems will suffice to 
illustrate the use of the general equations which determine 
the potential function when the dielectric is not homogeneous. 

I. “A condenser consists of two concentric conducting 
spherical surfaces of radii a and 6 separated by a dielectric 
the inductivity of which at a distance, r, from the common 


centre, O, of the spherical surfaces is as 


The inner plate, 


of radius a, has a charge #. The outer plate is at potential 
zero. The potential function in the dielectric is evidently a 
function of 7 only; what is its value ?” 

Since the induction through any closed surface is equal to 
4a times the intrinsic charge within, we may imagine a 
spherical surface drawn in the dielectric with centre at O and 
radius equal to r and then assert that, if F is the force, 


AeA oe FF so that F = — D,V = allie. 
r rer) 
Tb (rebve) ; 3 
i eased Fes OR Rall he : 
and / log aCe os The capacity of the condenser is 
b 2 ‘ 
e + log Biaiaie) The apparent surface density on the inner 


a(b + c) 
plate is o' = H/[47a(a+c)], the intrinsic surface density is 
H/4 7a’, and the density of the charge induced at the inner 
surface of the dielectric is — Ee /[47a?(a + c) ]. 

II. “A condenser consists of two large, plane, conducting 
plates parallel to each other and separated by three slabs, s,, 
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Sa, Ss, of dielectric of thickness a, b, and ¢ respectively, and of 
inductivity 1, ~, and 1. What is the capacity of the con- 
denser per unit area of one of its plates ?” 

Take the axis of x perpendicular to the faces of the plates 
with the origin in the first plate, which shall be kept at 
potential zero. It is evident that the potential function is a 
function of a only, so that D,?V = 0 in each slab of dielectric 
and V must be of the form Lz+ M. Denoté the functions 
which give the poteutial in the three slabs by 


Yj=Le+ mM, V,=L,2+ M,, V;= Lyx + UM. 


When «=0, V,=0. When «=a, — DV, + ~D,V,=9, 
and V;=V, When x=(a+ 6), —pD,V,+ D,V;=9, and 
V,=V; We have, therefore, V, = Iya, 


Ve = 1, (@ + ap — a) /p, Ve = Ly, (pa +b — bp) /p. 
When 2 = 0, D,V = — 470 = Z,, and, if V; = 1 when 
ee ien ee ee et 
‘Aa (mat pet b) 
and this is the capacity per unit area of the first plate. 


x=a+b+e, we geto= 


69. Polarized Distributions. Imagine two homogeneous 
bodies, P and WN, of equal but opposite densities, p and — p, 
of the same dimensions, and occu- 
pying at the same time the same 
space, in which, of course, the 
resultant density is zero. If P be 
moved without rotation through 
a small distance /, in some direc- 
tion, there will be a space of no 
density common to P and WN, a 
space of density p where P extends Fic. 49. 
beyond J, and a space of density 
—p where Nextends behind P. The thickness of the shell of 
matter, measured on the exterior normal to the space of no 
density, is An. If, now, 4 be made to approach zero, and p 
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be imagined to increase without limit so as to keep the product 
ph always equal to a given constant J, 
ae An /h = cos (h, n), 

and we have in the limit merely a superficial distribution, of 
density « = J cos (h, n), on the boundary of the space originally 
occupied in common by P and NV. Since the direction of h is 
fixed in space, and 7 is an exterior normal, the distribution 
consists partly of negative matter and partly of positive matter 
in equal amounts. The surface density is equal to zero at 
points of contact of the distribution with tangents parallel to 
the direction of h. 

If this distribution be divided up into filaments parallel to 
h, it is clear that the charges on the ends of every filament 
are equal and opposite, and that each is equal in amount to 
qi, where q is the cross-section of the filament in question. 
It is easy to see from this that if the distribution were 
placed in a uniform field of force of intensity /, this field 
would exert upon any such filament of length Z a couple of 
moment #'.sin(h, #)-q@lJ, and upon the whole distribution a 
couple of moment /’-sin(, #)-J times the volume of the 
space enclosed by the distribution. J is, therefore, numeri- 
cally equal to the moment of the couple, per unit of volume, 
per unit field perpendicular to the direction of h. The dis- 
tribution just described is said to be a uniformly polarized 
distribution. J is called the intensity of the polarization. 

If, for instance, P is a sphere of radius a with centre at O, 
and if r? = a+ y?+ 27, the potential function, V(x, y, 2), 
due to its own mass, has, as we know, the value 2 zp (a? — 3 7”) 
at inside points, and the value 4zpa*/3,r at outside points. 
After P has been displaced through a distance ’ parallel 
to the x axis, the potential function at any point (a, y, 2), 
either in the space common to P and WN or outside both, 
has the value V(a—h, y, z)—V(a, y, 2). If the point 
is within both P and JN, the value of this quantity is 
2mph(2%—h)/3, but if the point is without both P and 
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NV, the value is 27a*ph(2a”—h)/37°. The limits of these 
expressions (4 7Ja/3 and 4 7a*Jx/37r*) give the values of the 
potential function within and without a sphere uniformly 
polarized to intensity J parallel to the # axis. Within the 
sphere the equipotential surfaces are planes perpendicular to 
the x axis, the field is uniform, and since Y= — D,V, the 
lines of forceare parallel 

to the negative direction 

of thex axis. Consider- 

ations of symmetry show 

that the lines of force 

without the sphere are 

curves lying in planes 

through the axis of 2. 

From the expression for 

V at outside points we 

learn that if 6 is the 

angle which the radius 

vector drawn from the 

origin to any point 

makes with the x axis, 

the equipotential sur- 

faces of revolution with- 

out the sphere may be 

considered as generated 

by plane curves which 

belong to the family 

cos @/r?=c. Curves of 

this family lying in a Via. 50. 

plane are cut orthogo- 

nally by curves in the same plane which have the equa- 
tion r= k-sin?6, and this evidently gives the lines of force. 
Fig. 50 shows the forms of these lines and the direction of the 
force. It is to be noted that this direction changes abruptly 
at the surface; on the x axis without the sphere the force is 
directed from left to right, whereas within the sphere it is 
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directed from right to left. This discontinuity is wholly 
explained, as a little simple computation will show, by the 
fact that at any superficial distribution of density o every 
tangential component of the force is continuous, but the 
normal component is discontinuous by 470. 

The potential function belonging to a uniform field of force 
of intensity X), the lines of which are parallel to the x axis, is 
— X,a, and if into such a field a sphere of radius a, uniformly 
polarized to intensity I parallel to the x axis, is brought, and 
if we define the constant x by the equation XY, = 4 7ly/3, the 


— 


— 


Kye. Ol. 


potential function, referred to the centre of the sphere as 
origin, will have the value 47Jx(1 — yx) /3 at points within 
the sphere, and the value 4 wla[a*/3 (a? + y? + 27)8/2— y/3] 
at outside points. The field within the sphere is now a uni- 
form field of intensity 4 J(x — 1) /3 directed parallel to the 
x axis: if y=1, this force vanishes. The equipotential sur- 
faces of revolution without the sphere could be generated by 
the revolution about the x axis of a family of curves the 
equation of which in the wy plane is 4 rla[a*/3 7° — y/3]=<¢, 
where r?= x2?+y%. The equation of the family of curves 
which cut these orthogonally may be written, 


2 wly?(2 a2 /37° + x/3) =m, 
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and this represents the lines of force. These lines may be 
easily plotted for any value of x, by assuming in succession a 
series of values of r and computing the corresponding values of 
y. Figs. 51 and 52 show two characteristic forms which 
the lines may have. In the first y= +41, in the second 
x=-—3. Some slight theoretical interest attaches to the 
case for which x=W— 2, and the reader may care to plot 
for himself the corresponding curves. He should indicate 
the direction of the force at various points by arrows. 

The value, at inside points, of the potential function due 
to a homogeneous ellipsoid of density p, with axes coincident 


a 


eS ge eae 


Fig. 52. 


with the codrdinate axes, is given on page 121. If we call 
this p- Q(x, y, #), we may write 

Q (a, y, %) = aber (Go — Kyx? — Loy? — Mz"), 
where Go, Ko, Lo, My have the same values at all points of the 
mass. If, now, we consider an ellipsoidal distribution, uni- 
formly polarized to intensity J, in a direction s, it is easy to see 
that the value of the potential function within the distribution is 


— I[D,Q- cos (x, s) +.D,Q-cos(y, s) + D,Q - cos (2, s)] 
or 2 aberI[ Kyu - cos (a, s) + Loy: cos (y, s) + Moz - cos (2, s)], 
and that, if we regard the polarization as a vector and denote 
its components by A, B, and C, the force components are 
— 2rabcA Ky, — 2 rabcBLy, — 2 rabcCM. 


The field within the distribution is, therefore, uniform, and 
it has a direction defined by cosines which are to each other 
as K,-cos (x, s): Lo-cos (y, 8): My-cos (2, s). It is to be 
noticed that this direction does not coincide with that of the 
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polarization unless K, = LZ) = M, (so that the ellipsoid is 

really a sphere), or unless the direction of polarization coin- 

cides with that of. one of the principal axes of the ellipsoid. 
In certain cases the elliptic integral 


ie = ds 
0 = (s ai a?)8/?(s = b?)1/2(s + Cop at 
and the corresponding integrals Z, and M, can be easily 
evaluated. If, for instance, a=6b=c, these quantities evi- 
dently have the common value 2/3 a’. 

If the ellipsoid is a figure of revolution, we may find the 
values of Ko, Ly, My with the help of the integrals 


S 
pz aS rie yas 
eae nee Cees ne (s + m?)1/2 — (m? — 12)1/2 
ac (m? Ke, Pye 0g (s m m?)1/2 rE (m? = Pyiza 
2 2 (Sk m?)/4 
or (PF — m?)i/2 ‘tan “(@ ie nage 


ds 
G+ PAG mt” 


eee Cane we ds 
~ Pm SSE 3 eae perreneT : 


uh, ke: 2 a ds 
m —l? (s+ m)1/2 (s oi 2) (s+ m)1/2 : 
In the case of a prolate ellipsoid where a>6, b=c, and 


e=Va— db? /a, 
1 il 1 ie 
Ber em ea? (sat ze sr ps) 


acy «ik 1 +e 
K,=> i( Flos t+ -1), 


ie 
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and the force components within the ellipsoid are 


ae ae, BOs, 
47A 2 3, log Os 


1—e 
1 1-—e? 1—e 


(ee 1—e 
—2n0(4+ 2 log; =). 

If, while 4 is constant, a be increased without limit, e 
approaches the limit unity, (1 — e?)-log[(l1+e)/(d —e)] 
the limit zero, and the ellipsoid becomes an infinitely long 
cylinder of revolution, for which the force components are 
0, — 2B, — 220. 

In the case of an oblate ellipsoid where a < 6, b= c, and 


e= Vi? — a?/b, 


Iy= My = a(S é -vi-4), 


ad e 


and the force components within the ellipsoid are 


ay! 
—4 7A (4 — NE 3 : ° sine) 
é é 


avi 2 pe ee FY) 
—2r0(~ A sine =") 


If, while 4 and c are constant, @ is made to approach zero, e 
approaches the limit unity, the limiting values of the force 
components are — 4 7A, 0, 0, and we have the case of a circu- 
lar disc, in which, if the direction of polarization lies in the 
plane of the disc, the resultant force is zero, 
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If the imaginary body P, instead of being of the same 
density throughout, had consisted of two homogeneous por- 
tions of densities p, and p,, to the left and to the right of 
their surface of separation, S; if the density of NV had been 
at every point equal and opposite to that of P, and if the 
limits of p,2 and p,d had been the constants and J,, the 
resulting surface distribution, on the boundary of the space 
occupied originally by NV and P conjointly, would have had 
the density o = £,cos(h, ) to the left of the original posi- 
tion of S, and the density o = [,cos(h, n) over the rest of 
the surface. There would have been on S a surface density 
a = I, cos(h, m)+ I, cos(h, m), where nm, and n, represent 
exterior normals to the regions in which P had the densi- 
ties p, and p, respectively. This distribution is therefore 
equivalent to two distributions uniformly polarized in the 
direction of h, and laid together so as to have the common 
surface S. 

If, again, the density of P had been given by the expression 


P = Po fe, Y) z), 
where py is a constant and f an analytic function of the space 
coordinates, then, if P had been displaced parallel to the « 
axis, there would have been, (1) a region common to P and 
NV in which the density would have been 


pol S(@ — hy y, #2) —F(® y, #)] or — poh: Df + & 
where e is an infinitesimal of the same order as h, (2) a region 
of density po f(x — h, y, #) where P extended beyond JN, and 
(3) a region of density po f(x, y, z) where NV extended behind 
P. If the limit of poh had been the constant A,, and if 
Ay- f(a, y, #) had been denoted by A, the resulting distri- 
bution would have had a surface density « = A cos (a, n) over 
the boundary of the space originally occupied by NV and P 
and a volume density p = — D,A inside this boundary. This 
kind of distribution is called a non-uniform polarization of 
intensity A, the direction of the polarization being that 
of the # axis. We know from Green’s Theorem that the 
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surface integral of 4 cos(a, n) taken over any closed surface 
is equal to the volume integral of + D,A taken through the 
space bounded by the surface, so that the whole amount 
of matter, algebraically considered, in the distribution just 
discussed is zero. 

If such a distribution as this were placed in a uniform field 
of force of intensity /, perpendicular to the x axis, it would 
encounter a couple of moment 


M=PF feo dS+ FE ( (2-p-dr 
=F fe-A-cos(@, m)dS—F (f(x D,A-dr 
=F f { {[D.@A)—«-DAjdr 
a (ifafideat 


Here, again, the volume integral of the intensity of the polar- 
ization is a measure of the moment of the couple which 
would be exerted upon the distribution, if it were placed in a 
uniform field of unit strength perpendicular to the «x axis. 
The intensity of the polarization at any point in a polarized 
distribution has been called the moment per unit volume of the 
distribution at the point. If a distribution polarized in the 
manner just described parallel to the # axis were placed 
in a uniform field (X, Yo, Z), not perpendicular to the x 
axis, it would experience a couple the components of which 


would be 
,- Aff fA-dnVof f Aba: 


If poV (@, y, z) is the potential function at (x, y, z) due to 
P in its original position, the potential function at (a, y, 2) 
due to N and P, after P has been displaced parallel to the 
axis of x through the distance h, is 


pol Vix = h, Y; toe V (a, Y; #)], or =e polio) Vr e%, 
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where e is an infinitesimal of the same order as A. As h is 
decreased and p, so increased that p, is always equal to A), 
the potential function at (a, y, ) due to the resulting distri- 
bution becomes — 4,-D,V. Thus, if P is a sphere of radius a, 
the density of which is proportional to the distance from its 
centre, we have p= pyr, V = zp) (44° — 7°) /3 if r<a, and 
V=npat/r if r>a. The polarization in the resulting 
distribution is A,r, where A, is a constant to be chosen at 
pleasure; the potential function has the value 7A,xr within 
the polarized sphere, and 7A,a‘x /r® without it ; the moment 
of the sphere is 7A4,a’. 

Imagine six coincident bodies, P,, Ni, P2, N2, P3, Ne, of 
densities po fi(X, ¥, %), — pofi(® Ys =)» Pote(@) Ys %)s — poSo(®s YW), 
pots(2, Ys %)> — pots (%, y #) respectively. Imagine P,, P,, Ps 
displaced through distances / parallel, respectively, to the axes 
of x, y, and z, then imagine / to decrease and p, to increase 
in such a way that p,d is always equal to a constant M. If 
Mf, (x, y, 2%), Mfr (a, y, #), Mfs (x, y, #) be denoted by A, B, and 
C respectively, the resulting distribution has a surface density 
o = Acos(a, n)+ Beos(y, n)+ Ccos(z, mn) on the boundary 
of the space originally occupied by the six bodies, and a volume 
density p = —(D,A + D,B + D,C) in the region enclosed by 
this boundary. A, B, C are usually considered to be the 
components taken parallel to the codrdinate axes of a vec- 
tor, J, so that ¢ = I cos(n, 2) and p = — (Divergence of J). 
The whole amount of matter in the distribution is zero. J is 
called the polarization, and the direction of Z at any point 
is the direction at that point of the polarization. The lines 
of the vector J are defined by the equations 


dx /A=dy/B=dz/C, 


and are called the lines of polarization. If through every 
point of a curve, s, in a polarized distribution, we draw a 
line of polarization, we shall get (unless s is itself a line of 
polarization) a polarization surface; if s is closed and the 
polarization surface tubular, the latter is called a tube of 
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polarization. The product of the cross-section of a very 
slender tube of polarization at any point, and the value 
at that point of J, is sometimes called the strength of the 
tube. The matter in a slender tube of polarization con- 
stitutes a polarized filament. If the vector I is solenoidal, 
the distribution is wholly superficial, and the strength 
of every tube of polarization is constant throughout its 
length. Uniform polarization is a special case of solenoidal 
polarization. 

It is evident that the generally polarized distribution just 
mentioned may be regarded as formed by the superposition 
of three distributions polarized parallel to the axes of a, y, 
and z respectively, and it is easy to see that a uniformly 
polarized distribution in a uniform field (X,, Y, Z) will be 
acted on by a couple the components of which are the prod- 
ucts of the volume of the distribution and the quantities 
Boy ai Vel A, 7 AeA Y, — BX, 


A short, extremely slender, right prism, uniformly polar- 
ized in the direction of its length, forms a simple kind of 
polarized element. If 21 is the length of such an element, ¢ 
its cross-section, and J the intensity of its polarization, 2 g// 
may be called the moment of the element, for it represents the 
moment of the couple which would act upon the element if it 
were placed perpendicularly across the lines of a unit field. 
This product of the volume of the element and J we may 
denote by @ We know that the field of force due to the 
element is mathematically accounted for by a superficial 
negative charge, — g/, on one end of the prism and an equal 
positive charge on the other end. Let Q be any point distant 
r, from the negative end and 7, from the positive end of the 
axis of the prism, and 7 from its centre. Let (7, J) be the 
angle between the direction of polarization and the line drawn 
from the centre of the axis to Q; then, since 


nr? =r? + 22+ 2rl-cos(r, LT) and r.2 = 7? + 2 — 2rl-cos(r, D), 
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the value at Q of the potential function due to the element 
is gL(1 ya 1/7) OE 
gl (re — 7:2) [ryre(% + 1%) or 2rM-cos(r, LT) /7y7r2(7 + 12). 


The limit, M.cos(7, I) /7r?, of the expression just found is 
called the potential function due to a uniformly polarized 
element, or to a space 
doublet. It will appear 
from the work which fol- 
lows that a similar result 
might have been obtained 
from the use of a gener- 
ally polarized element of 
any form. The lines of 
force due to a polarized 
element are shown in 
Fig. 53; they are the 
same as the external lines 
of force in Fig. 50. 
Before we attempt to 
find an expression for the 
potential function due 
to a generally polarized 
finite distribution, it is 
well to notice that if 
the vector J is discon- 
tinuous at any surfaces, 
the distribution may be 
Fic. 53. considered as made up 
of a number of contin- 
uously polarized portions abutting at these surfaces: we 
may confine our attention, therefore, to continuously polar- 
ized distributions. If a given distribution of this kind has 
the volume density p' in a region Z" and a surface density 
o'on the closed surface S’ which bounds Z", the potential 
function at the point (a, y, 2) due to the distribution is 
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Fe pe eit if Eee 

Le tie 
where vis the distance from the point (2', y', ') in the volume 
or surface element to the point (x, y, 2). If Z'is the value 
of the polarization at (z', y', z'), and if we substitute the 


values of p' and’ in terms of Z' and its components A', B’, C", 
we have 


yen | 4 Pleats n) + B' cos (y', n) + C! cos (z', n)] as! 
Yi 


={(4f D_A' + DyB'+ D.C! 


r 


f A' A'.D, 
Since D (4) = ae aa 


r 7 


we may write 


t 
“ff.fPa 
T ‘ 
ea! Al 
== Sffi2e2. $6558) 
! ty PS I 
= -ff 2 eet us SSF cos (a, n) ds’, 


with similar expressions for the other terms of the triple inte- 
gral, all the double integrals are cancelled, and we have 


eo alien + es De n, 
Alea") + By -y)t+ C@-2),, 
=SSf 7 hs 
ak A' cos (a', r) + B'cos(y', r) + C'cos z', 7 dp’ 
az T 
‘ yt 


=Sf fea 
Lie 


The quantity under the integral signs in this last expression 
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is, as we have just seen, the potential function due to an 
element at (x', y', 2'), in which the polarization is J'. 

If the polarization is solenoidal, the volume integral of p* 
is equal to zero and a surface integral alone remains. 


We have seen that a polarized distribution is completely 
defined when the form of its boundary, S, and the values of 
the components of the vector J within it are known, and that 
its potential function has the same value (at least at outside 
points) as that due to an ordinary distribution of matter made 
up of a certain volume distribution within S and a certain 
superficial distribution on S. What we usually call a polar- 
ized distribution is supposed to be quite different, however, 
in its physical nature from this ordinary distribution, which 
may be said to be mathematically equivalent to it. A simple 
illustration will make the character of this difference clear. 

If a number of small cubes, all uniformly polarized parallel 
to one edge, with common intensity J, were placed together, 
with their directions of polarization parallel, to form a larger 
cube, P, superficial distributions of equal and opposite den- 
sities would come in contact, and the resulting distribution 
would appear to consist only of a positive charge uniformly 
spread on one face of the larger cube and an equal negative 
charge spread uniformly on the opposite face. That is, the 
potential function, at outside points, due to P, would be the 
same as that due to an indifferent body, P', of the same 
dimensions as P, charged with a superficial distribution of 
density + J on one face and a superficial distribution of den- 
sity — I on the opposite face. If, however, we define the force 
at a point within a distribution to be the force which would 
urge a unit mass concentrated at the point, if an infinitesimal 
cavity were excavated at the point to allow of its introdue- 
tion, the intensity of the force at a given point within P' 
might be very different from that of the force at the corre- 
sponding point in P. The first would be due merely to the 
surface charges already mentioned, whatever the shape of 
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the cavity, while if an excavation were made in P by remov- 
ing one of the very small uniformly polarized cubes of which 
it is made up, the surface charges on the adjacent cubes would 
appear, and, however small the cavity might be, these would 
be found to modify the force very appreciably. We must 
regard such polarized distributions as occur in nature as made 
up of polarized molecules, so that if any portion be broken off, 
across the lines of polarization, from a body in which the 
polarization is defined by the vector J, each portion is a 
polarized distribution defined by the same vector as before at 
every point, so that a surface distribution appears on each of 
the new faces formed by the fracture. Every magnet appears 
to be a polarized distribution of magnetic matter, and prob- 
lems in magnetism, as the reader who has some knowledge 
of magnetic phenomena will see, can be conveniently attacked 
by the analysis of this section. 


If into a field of electric force a conductor or a mass of 
dielectric different in nature from that which it displaces be 
introduced, the field becomes changed in a manner completely 
explainable on the assumption that the conductor, or the 
dielectric, has become electrically polarized, and that the 
surrounding dielectrics are now and were polarized. Indeed, 
results of experiment compel us to assume that space which 
seems to be empty of ponderable matter is still occupied by 
a medium, the ether, capable of transmitting electrical forces. 
We must assume, also, that every medium with which we are 
acquainted, whether it be solid, liquid, gaseous, or ethereal, is 
susceptible to electrical and to magnetic forces, so that if a 
mass of any isotropic medium be placed in a field of electric 
(or magnetic) force, it becomes polarized by induction in such 
a manner that the direction of the electric (or magnetic) 
polarization coincides at every point with the direction of 
the resultant electric (or magnetic) force due to all the 
apparent electrical (or magnetic) matter in the universe, 
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including that which belongs to the polarization of the 
medium itself. ‘The ratio of the intensity of the polariza- 
tion induced at any-point of a medium by the resultant force 
at the point is called the susceptibility of the medium at the 
point under the given circumstances. Every medium has 
both an electrical susceptibility and a magnetic susceptibility, 
and these may be represented by very different numbers. 
The susceptibility of a medium to magnetic influences often 
depends upon the intensity of the inducing force; we may 
consider, however, that, if a medium is homogeneous, its elec- 
trical susceptibility (4) has the same value throughout. A 
medium in a field of force may have an intrinsic polarization 
as well as the polarization induced in it by the field. A steel 
magnet in the earth’s field illustrates this possibility. 

A given region may be at once a field of magnetic force and 
a field of electric force, so that any medium, when placed in 
this region, becomes both magnetically and electrically polar- 
ized. Since the two polarizations are similar, we need speak 
in what follows only of one, if we keep in mind the fact 
that two quite independent polarizations may coexist. We 
shall represent susceptibility by & and inductivity by p, with 
the understanding that different numerical values must be 
assigned in general to these quantities according as we are 
dealing with electrical or magnetic phenomena. 

In the most general case of either electrical or magnetic 
polarization we may imagine that an isotropic medium has 
(1) an intrinsic volume charge of density p,, where p, is a 
scalar point function, (2) superficial intrinsic charges over 
certain surfaces, and (3) an intrinsic polarization J, with 
components Ay, By, Cy, which may or may not be everywhere 
continuous. In addition to this it has (4) an induced polar- 
ization which, as we have seen, has the direction of the 
resultant force coming from all the apparent charges in 
existence, including those which come from the intrinsic and 
induced polarization of the medium itself. We may assume 
for our present purposes that & depends upon the character 
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of the medium, but not upon the intensity of the resultant 
force (4, Y, Z). The whole apparent volume density, accord- 
ing to the statements just made, is, in the general case, 


p= Pes De) + DB, + DC] 
—[D, (kX) + D, (kV) + D,(kZ)], 
and this is equal, according to Poisson’s Equation, to 
—WV?V /42, or to (D,X + D,Y+ D,Z) /4x. 


If we denote 1+ 47k by p, this equation may be written in 
several interesting forms, and may be regarded as a general- 
ized Poisson’s Equation. 


D,(wX) + D, (UY) + D.(uZ) 
| = 4 2[p) —(D,4y + D,By + D.C,)); 
D,(pX + 42A,) + D,(w¥ +4 2B) + D,(uZ +4 2C,) =4 apy 
D,[X+40(kX+ A)]+ D,[Y+4r(k¥ + B,)] 
+ DZ +42(kZ +C,)]=4 mp» 


The vector, the components of which are (uX +474A,), 
(Y+4rB), («Z+47C,), or, what is the same thing, 
(X +474), (Y+47B), (Z2+47C), where A, B, C are the 
components, (KX + A,), (KY + B,), (kZ + C)), of the resultant 
polarization arising from the superposition of the intrinsic 
and the induced polarizations, is called the generalized induc- 
tion. At a charged surface, the sum of the normal compo- 
nents of the generalized induction, pointing away from the 
surface on both sides, is evidently equal to 470,. The sum 
of the normal components of the force, pointing away from 
the surface on both sides, is equal to 470, while every tan- 
gential component of the force is continuous at the surface. 

If in a homogeneous medium incapable of being polarized 
inductively, where there is an intrinsic polarization J, (with 
components A,, B,, Cy), but no intrinsic body or surface 
charges not accounted for by the polarization, the polarization 
within the medium coincides everywhere in direction with the 
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force due to all the active matter in existence, including the 
polarization masses, and if the intensities of the polarization 
and force have everywhere the constant ratio A, the divergence 
of the polarization is evidently equal to A times the diver- 
gence of the force, and Poisson’s Equation becomes 


D,X + D,¥ + D,Z=—42d(D,X + D,¥ +D,Z), 


so that the force and the polarization must be solenoidal. 
The converse of this theorem is evidently not true. 

Inductive bodies which are incapable of being intrinsically 
polarized are sometimes said to be electrically or magneti- 
cally soft. Most isotropic substances seem to be electri- 
cally soft. Bodies which can be intrinsically polarized, but 
which are assumed to be incapable of being polarized by 
induction, are sometimes said to be electrically or magneti- 
cally hard. No absolutely hard media are known to exist, 
but the magnetic susceptibilities of some permanent magnets 
are comparatively small. 


The generalized Poisson’s Equation becomes 
D, (uX) + D,(w¥) + D,(uZ)= 4 mp, 


in the case of a body which has no intrinsic polarization, 
and the generalized induction becomes the simple vector 
(uX, »Y,4Z) discussed in the last section. This vector coin- 
cides in direction with the resultant force at every point. 
At a charged surface which also separates two media of 
different inductivities, the tangential components of the 
force are continuous, but the product of the tangential 
component of the force and the inductivity is clearly not 
continuous. The normal component of the force is discon- 
tinuous by 47 times the apparent density of the charge on 
the surface, while the normal components of the induction 
are discontinuous by 47 times the density of the intrinsic 
charge on the surface. In general, therefore, in soft media, 
neither the tangential nor the normal components of the 
induction are continuous, but the directions of the force and 
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induction coincide with each other close to the surface on 
both sides of it. 

If & is independent of the intensity of the resultant force, 
the volume density, —[D,(kX)+ D,(kY)+ D,(kZ)], due to 
the induced polarization in a homogeneous medium, may be 
written —k (D,X+D,Y+D,Z), or k-V?V, and this van- 
ishes at all points where there are no intrinsic body charges. 
We must, therefore, consider homogeneous dielectrics about 
charged bodies to be solenoidally polarized. 

If a mass, M, of a soft homogeneous medium of induc- 
tivity »,, be introduced into a given field of force in an 
indefinitely extended homogeneous medium of inductivity p, 
which contains no “real” charges at a finite distance from 
M, the two media become solenoidally polarized, there is an 
“apparent” charge, e’, at the surface S, of WM, and the poten- 
tial function V is now the sum of the given potential func- 
tion V,, which defined the field when the place occupied by 
M was filled with medium of inductivity p,, and the potential 
function V', which might be computed from the expression 
Limit 3(de'/r), since it is equal to the potential function in a 
medium of unit inductivity due to a real charge, e'. If, and 
m, are normals to S drawn respectively into and out of MW, we 
have at every point of S, 


fe DLV + b, D,, V = 0, DeVoe DV = 9, 
and, ifrA= Py / Poy 
WADAVEH EDV NDT, = 0, 


in which J is positive, and, since V, is given, the last term of 
the first member is a given function, f(a, y, 2). V' is con- 
tinuous at S,it is harmonic within and without S, and it van- 
ishes canonically at infinity; it is easy to show that all these 
conditions determine V’' (and, therefore, e') uniquely. For if 
we assume that two different functions may satisfy the condi- 
tions, and if we denote their difference by w, « must vanish 
canonically at infinity, be continuous at S, and satisfy Laplace’s 
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Equation within and without S. On S, p,-D,,% + py: D,,u = 0. 
If, now, we apply [149] to wu, choosing for d of that equation 
the value p, in the. space within S and the value p, in the space 
without S, it is evident that w must have everywhere the 
value zero. It is to be noted that changes in pw, and p,, which 
did not affect their ratio, would not affect V’. 

If the strength of the given field had been greater in the 
constant ratio m than it was, the potential function V'", due to 
the apparent charge on S, would have been larger in the same 
ratio, for [149] shows that the difference between the two 
functions V" and mV' (both of which vanish canonically at 
infinity, are continuous at S, are harmonic within and without 
S, and at S satisfy an equation of the form 


A-D,,V" + DV" + m- f (x, y, 2) =), 


is identically zero. 


If, when a hard body, &% solenoidally polarized intrinsi- 
cally, is placed in a field of force in a homogeneous soft 
medium of inductivity unity, the directions of the polariza- 
tion and of the resultant force are found to coincide within 
M, and, if the ratio of the intensities of these vectors is equal 
at every point of M to the constant *, the potential function 
within and without M is the same as if M were a homogene- 
ous, perfectly soft medium of susceptibility & and induc- 
tivity 1+ 47k, polarized inductively by the original field. 
To prove this we have only to compare the properties of the 
potential functions in the two cases. Let S be the bounding 
surface of M, let nm, and n, represent respectively interior and 
exterior normals to S, and let V, be the potential function 
due to the original field; then V, is harmonic within S, and 
on S, where V, is continuous, D,,V,+ D,,V,=0. Let I' be 
the polarization in the hard body M, and I" the polarization 
which would be induced if S were filled by a soft medium of 
inductivity 1+ 47k, and let V' and V" be the correspond- 
ing potential functions. The components of J’ and J" in any 
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direction at any point within § are respectively equal to 
—k times the derivatives, at the point, in the given direc- 
tion, of V,+ V' and V,+ V". The density o' of the real” 
charge of S in the case of the hard body is -- J'- cos (m, I') 
or k- D,,(V)+ V') and the density o" of the charge which 
would be induced on S, if M were displaced by the soft 
medium, is — J"-cos(m, I") or k-D,, (Vo + V"). On S, 


m1 
D,, (Vo + V+ D,, (Vo + V') = —40k-D, (V+ V4, 

and = (1+47k)-D,,(Vo+ V") + D,,(V+ V") =0, 

or (1+4ak)-D,,V'+ D,,V' =—4rk-D, Vy, 

and = (1+ 47k)-D,,V"+ D,,V" = —42k-D, Vo. 


ny 


If, now, « = V'— V",u is harmonic within and without S, 
it vanishes canonically at infinity, and it is continuous on S, 
where (1+47k)-D,u+D,,u=0. It is easy to prove, with 
the help of [149], that under these circumstances uw must be 
identically equal to zero, so that. V' and V"' are identically 
equal. 


We know from work done earlier in this section that when 
a uniformly polarized sphere is placed in a uniform field of 
force of intensity Xj, so that the direction of the polarization 
and this field coincide, the resultant field within the sphere is 
a uniform field of intensity X,— 4721/3 in the direction of 
the polarization, and that the ratio of the polarization and the 
force is the constant k= 3J/(3 X,— 471), or 3/4 r(x — 1), 
so that T=3X,[1+47k)—1]/47[a4+47k)+2]. We 
infer from this that if a sphere of soft medium of inductivity 
p were placed in a uniform field of force of intensity X, in 
a soft medium of unit inductivity, the sphere would become 
uniformly polarized to intensity 3.X,(u— 1) /47(» + 2) and 
that the uniform field inside the sphere would have the 
direction of the outside field and the intensity 3 X,/(u + 2). 
Since in such a case as’ this the ratio of the inductivities of 
the inner and outer media is alone important, we may say 
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that, if a soft sphere of inductivity », were placed in a 
uniform field of intensity X, in a soft medium of inductivity 
ps, the sphere would become uniformly polarized to intensity 
3X (4 / He — 1) /4 7 (1 /p2 + 2); 

or 3 X(t — ba) /4 0 (wr + 2 pe), 

and that the intensity of the uniform resultant field within 
the sphere would be 3.X)/(jy/po +2) or 8 pyXp / (uy + 2 pe). 
That part, X)(m. — v2) / (m1 + 2 ve), of the field within the 
sphere which is due to the polarization alone, is negative, if 
#4 > Ps, and is then called the sedf-depolarizing force. 

If we note that in the analysis accompanying Figs. 51 and 
52, x was defined by the equation X,=47/y/3 and that 
consequently x = (m/p2 + 2) /(m/H2 — 1), we may apply to 
our present subject all the work there done. These figures 
represent the lines of force for the cases p,/p.=o and 
M4 / PM. =} respectively ; the first corresponds to a perfect 
conductor in a uniform electric field, or (approximately) to a 
sphere of very soft iron in a uniform magnetic field in air. 
The theory of the polarization by induction of a soft sphere 
in a uniform field was first given by Lord Kelvin, and this 
theory, with diagrams for p,/p. = 2.8 and py /p. = 0.48, may 
be found in his Reprint of Papers on Electrostatics and Mag- 
netism. Very interesting figures, drawn for equal intervals 
of the function m and corresponding to py / pl. = 3, by / pf. = 0, 
are given on pages 373 and 374 in Professor Webster’s Theory 
of Electricity and Magnetism. 


If an ellipsoid, made of inductively hard material and uni- 
formly polarized [I = (A, B, C)], be placed in a uniform field 
of force (X), Y), %), the resultant field within the ellipsoid 
will evidently be uniform and its components will be 


X, — 2rabcAK, Y, —2xabcBL,, Z, — 2xabeCM,; 


the directions of the polarization and the field will not agree, 
however, unless these components are as 4: B: C, which will 
be the case if 
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A=kX,/(1+2 xabckK,), 
B=kY,/A+2rabekL,), 
C= kZ,/(1 + 2 nabckM), 


where & is any constant. If the intrinsic polarization of the 
ellipsoid satisfies these conditions, the ratio of the intensities 
of the polarization and the field is & We infer from this 
that if a homogeneous ellipsoid of inductively soft material 
of susceptibility & be placed in a uniform field of force in a 
medium of unit inductivity, the ellipsoid will become uni- 
formly polarized and that the components of the polarization 
will have the values just given. The resultant field within 
the ellipsoid will have the components 


X,/A +2 rabekK), Yo/A+2rabckL,), Z2)/(1 + 2 rabckM)) 
and the self-depolarizing force the components 
— 2rabcK,A, — 2 rabceL,B, — 2 rabeM,C. 


These results may be expressed in terms of the inductivity p 
of the ellipsoid by writing (u—1)/47 for k, and if, then, 
the ratio p/p, be substituted for p, the formulas will corre- 
spond to the case of a soft homogeneous ellipsoid of induc- 
tivity », in a field of force in a homogeneous medium of 
inductivity po. 

If we remember the expression already found for the 
moment of the couple which a uniform field exerts upon a 
uniformly polarized distribution in it, we shall see that in 
the present case the components of this couple are 


A rabe (BZ, — CY) /3, 4 rabe (CX, — pepe 
and 4 wabe(AY, — BX,) /3, 


or 

8 12a%eh? V,Z, (My — Ly) /3(1 + 2 rabekM,) (1 + 2 wabckL,), 
8 1a%*e?k?Z,X, (Ky — M,) /3(1 + 2 rabckK,) (1 + 2 rabckM,), 
8 1 2ab7c?k?X, Vy (Ly — Ky) /8 A + 2 rabckLy) (1 + 2rabekK,) ; 
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and it is to be noted that, according to the reasoning of page 
120 ifaS>b > Kyl, = M. liethe linestot the feldyim 
the air make an acute angle with the plane of xz and are 
perpendicular to the z axis, Z, = 0 and X, and Y, are positive, 
the axis of the couple is the axis of z, the moment is positive 
(even for such negative values of & as occur in nature), and 
the ellipsoid tends to turn so that its long axis shall have 
the direction of the field. 


For perfectly hard, intrinsically polarized bodies the gen- 
eralized Poisson’s Equation becomes 


D,(X +424) + D,(¥Y +47B,)+ D,(Z+427Q) =4 7p, 
and if p) = 0, as in the case of a hard magnet, the induction 
(X+47A, Y+4rB, 72+47Q) 


is solenoidal. Unless the intrinsic polarization happens to 
have the same direction as the resultant force, or vanishes, 
the lines of force and the lines of induction do not coincide. 
In some eases, the directions of the force and of the polariza- 
tion are exactly opposed, and the lines of force and of induc- 
tion are opposite in direction. Outside a hard magnet, where 
the intrinsic polarization is nothing, the lnes of force and of 
induction are identical. At the surface of the magnet, where 
there is no intrinsic charge except that which belongs to the 
polarization, the normal component of the force is discontin- 
uous, while the normal component of the induction is con- 
tinuous. It is convenient, therefore, to regard the lines of 
induction as closed curves. The lines in Fig. 50 represent 
both lines of force and lines of induction, but it is to be 
noticed that inside the sphere, where X = — 4 7J/3, the direc- 
tion of the lines of force is from right to left, while the direc- 
tion of the lines of induction (since J=+ 87J/3) is from 
left to right. The straight line of force through the centre 
of the sphere is discontinuous in direction at the surface, 
while the corresponding line of induction is continuous. The 
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tangential components of the force are continuous at the sur- 
face of a magnet, those of the induction discontinuous. The 
normal component of the induction just within the surface is 


(X + 47 A)) cos (a, n) + (¥ + 42 B,) cos (y, 2)’ 
+ (4+ 47(C,) cos (2, n), 


or the normal component of the force plus 47 times the 
density on the surface belonging to the intrinsic polarization. 

If we make a small cavity inside a generally polarized hard 
body, the force at any point of the cavity is the original value 
of F (that is, the negative of the gradient of the potential func- 
tion at the point), minus the contribution due to the volume 
charge removed, plus the force due to the new surface charges 
which appear on the walls of the cavity. If the volume of 
the cavity be made smaller and smaller, the contribution due 
to the volume charge removed can be made as small as we 
like, while the effect of the surface charges may remain finite. 
Let the cavity be of the form of a piece of a slender tube of 
polarization lying between two near orthogonal surfaces. In 
this case there will be surface charges on the ends of the 
cavity, but none on the side walls. These charges, of density 
+ I, will be such as to drive a particle of positive matter in 
the centre of the cavity to that end of the cavity towards 
which the polarization is directed. If we reflect that a surface 
distribution of finite size, which has at the point P the density 
o, repels a unit point charge infinitely near P with a force of 
27o, but that an element of the surface at P, infinitely small 
with respect to the distance of a point charge from P, has no 
perceptible effect upon this point charge, it will be easy to 
see that, if the cross-section of the cavity is infinitely small 
compared with its length, the force due to the surface charges 
on the ends approaches zero as the whole cavity is made 
smaller, and the force at the centre of the cavity is / If, 
however, the length of the cavity is infinitely small compared 
with its cross-section, the force due to the charges on the 
ends is 47a, or 47J, so that the whole force is #+ 4-7/J, or 
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the induction at the point before the cavity was cut. If the 
infinitely small cavity were spherical, the force at its centre 
would be # + 4rI. 


It is to be carefully noticed that we have no means of 
determining an absolute inductivity for any medium, but only 
the ratio of the inductivity of the medium to the inductivity of 
some other medium taken as a standard. The unit quantity 
of electricity is defined to be that quantity which concentrated 
at a point at a distance of one centimetre from an equal 
quantity would repel it with a force of one dyne, when the 
dielectric is the ether. In any other homogeneous dielectric 
of inductivity » times that of the ether, e of these units of 
electricity concentrated at each of two points distant 7 centi- 
metres from each other would repel each other with a force 
of e?/pr? dynes, so that, if this medium had been used as a 
standard, the unit of electricity would have been larger in the 
ratio of Vu to 1 than it now is. If a charged conductor is 
enveloped by an infinite, homogeneous dielectric, we may assume 
the apparent charge on it to be its real charge and neglect the 
polarization of the dielectric (and we do this when the dielec- 
tric is the standard substance which we assume to have unit 
inductivity, and hence no susceptibility) ; or we may suppose 
the dielectric to be polarized, and consider the apparent 
charge to be the algebraic sum of the real charge on the 
conductor and the charge belonging to the polarization inducea 
on the dielectric. This we do when the dielectric is not the 
standard substance, assigning to it a susceptibility based on 
that of the standard substance which is the zero of our scale. 
A simple illustration will tend to make the rather complex 
relations which would attend a change in the choice of a 
standard substance more intelligible. 

A spherical conductor of radius a has a charge, #, and is 
surrounded by three spherical shells of homogeneous dielectric, 
concentric with it, the last reaching to infinity. The radii of 
the spherical surfaces which separate the first (inner) dielectric 
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from the second, and the second from the third, are } and 
e respectively, and the inductivities of the dielectrics, referred 
to some standard substance, are pi, po, and ps, or 1+ 47h, 
1+47k,, and 1+47k,;. If we apply Gauss’s Theorem suc- 
cessively to spherical surfaces concentric with the conductor 
and lying in the first, second, and third media, we learn that 
the force (— D.V) at a distance 7 from the centre has, in the 
three media, the values L/pyr?, H/por?, EH /psr?. The con- 
ductor acts like a medium of infinite susceptibility. The 
induced polarizations in the three media are directed radially 
outward, and their intensities are k,#/y,7?, kyE/por?, ks H/pgr’. 
The densities of the apparent charges at the surface S$, of the 
conductor and at the surfaces of separation S,, S, of the 
dielectrics, regarded as manifestations of the polarizations, are 


an = E/4 ra? aa kB /ye= E/4 TO y on Si, 
o's = ky, E / p40? = Keg Et / p1gb? = EE (py ae He) /4 707 Wy po on So, 
and One — kek / poe? ‘cate! keg / juge? — EE (pe ae ps) /4 TC" bofhg on De 


These same densities might also be found by the aid of the 
ordinary characteristic equation of the potential function at 
an apparently charged surface, D,,V + D,.V =— 47. 

If instead of using the old standard we make the outer 
dielectric of this problem the standard, the unit of electrical 
quantity will be larger in the ratio of Vy; to 1 than it was 
before, and the old charge on the condenser will be E/Vus 
expressed in the new units. The strength of a field at any 
point being the force in dynes which would be experienced 
by a unit of positive matter placed at the point, the number 
which expresses the strength of a given field in the new units 
is V ug times the number which expresses the strength of the 
same field in the old units. The inductivities of the three 
dielectrics are now py /ps, H2/ Ps, 1, and their susceptibilities 


are 
(41 — fs)/4 rps or (hey — kes) /(1 + 4 rks), 
(2 a ps) /4 T fs or (kg a ks) /(1 + 4 ks), and 0. 
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The strengths of the fields in the three dielectrics are 
ENV ps /par*, EV ps / par, BV as / pst? 
the intensities of the polarizations are 
E(u. — bs) /4 mV pis pat, (pm: — ps) /4 V ps por, 05 
- and the apparent charges on Sj, S., S; have the densities 
Vs /4 0%, E (ur — wo) Vos /4 20 ape, 


and EE (2 — ps) V us /4 C7 Mops. 


The sum of the apparent charges on S,, S,, S; is now # /V us) 
the real charge on the conductor expressed in the new units, 
and the sum of the induced charges is zero. In the case first 
treated, where the outer medium was supposed to be polarizable, 
the sum of the apparent charges on S,, S., S; was #/ps, and 
this, being expressed in the old units, is equivalent to E/N us 
in thenew. The sum of the induced charges was the difference 
between H'/; and H or H(1 — ps)/p33 in this case, however, 
we must imagine the outer surface “at infinity” of the outer 
medium to have an induced charge in total amount equal 
to the integral of the normal component of the polarization 
(kgH /psr) over the surface, or 47k; /ps, and this is equal 
to H'(us — 1)/ps, so that here, again, the whole amount of the 
induced charge is, of course, zero. It is to be noted that this 
finite charge at infinity does not affect the electrical field in 
any way. We have seen that when the outer medium is 
taken as a standard the inner medium has a susceptibility 
(41 — bs) / 473, and this is sometimes called the susceptibility 
of a medium of inductivity », with respect to a medium of 
inductivity wz No medium has yet been found to be less 
electrically susceptible than the ether. Some bodies are less 
magnetically susceptible than the ether, so that their suscepti- 
bilities are negative on the usual scale. These bodies are 
said to be diamagnetic. 

If a body of inductivity 4, pounden by the surface S, is 
placed in a large mass of a medium of inductivity si, the outer 
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surface of which is so far removed from the place of observa- 
tion that the apparent charge on it contributes little to the 
field of force, the fact that the outer medium is really polarized 
may be lost sight of; and if we attribute the apparent charge 
on S wholly to the polarization of the inner medium, instead 
of regarding it as the difference between the charge of one 
sign due to the polarization of the inner medium, and the 
charge of the opposite sign due to the polarization of the 
outer medium, the apparent susceptibility of this medium 
will be (41 — pe) /4 po. If we is greater than py, this will be 
negative and the inner medium will seem to be polarized in 
a direction opposite to that of the force. 


_If in any given case the direction of the vector I is every- 
where perpendicular to the direction of its curl, it is possible 
to cut a polarized distribution by a set of surfaces, u =e, 
everywhere normal to the line of polarization. If surfaces of 
this family be drawn for small constant differences, Aw, of the 
scalar point function wu, the distribution will be divided into 
shells, each of which is polarized normally to its surface. If 
An is the thickness of one of these shells at a given point and 
I, the average intensity of polarization on a line of polariza- 
tion drawn through the shell at the point, J)Am is called the 
strength of the shell at the point. Since D,u = h,, the value 
of the gradient of w, the strength of a shell of infinitesimal 
thickness can be written J-du/h, A shell is said to be 
simple if I/h, has the same numerical value all over it; 
otherwise the shell is said to be complex. 

If A, B, C are the intensities of the components of the 
vector J, the fact that the lines of J coincide with the nor- 
mals to the surface wu = ¢ gives the scalar equations 


A/I=Dufh, B/I=Dy/h, C/I=Dulh; 
and with the help of these the vector 
[DiC = DBD A= DG DB DA), 
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which is the curl of Z, may be written in the form 
[D,u-D, (L/h) — Dy: DL/hi), 
Dgu- D,(I/h,) ~ Di: Dz(I] I) 
Da D, <1 fDi aE fae) 


If, now, the scalar quantity [/h, has the same numerical 
value over every surface of constant w, it must be, if not 
everywhere constant, a function of w only, so that 


D, (LI /h,): Dw = D,(1/h,): Dye = DL /h,): Du, 
and if these relations are satisfied, the components of the curl 


of I vanish, and the polarization is lamellar. Every lamel- 
larly polarized distribution may be divided up into simple 


P 


polarized shells; if the polarization is not lamellar, but if the 
directions of this vector and its curl are everywhere perpen- 
dicular to each other, the distribution, as we have seen, may 
be divided up into shells, but these will not be simple. 


The potential function due to a polarized element of moment 
M has at a point, P, distant r from the element, the value 
M cosa /r?, where a is the angle which a line drawn from the 
element to P makes with the direction of polarization in the 
element. Ifa very thin simple shell be divided up into ele- 
ments of length equal to the thickness (An) of the shell and 
of cross-section equal to an element (AS) of one surface of 
the shell, the moment of each element is AS. JAn, and if 
LAn, the constant strength of the shell, be denoted by ®, the 
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potential function due to the shell has at any point, P, the value 
limit o> cos(r, n) AS/r? = Sw, where w is the solid angle 


subtended at P by the boundary of the shell. This value is 
positive if, in looking out from the vertex P within the conical 
surface which passes through the boundary of the shell, one 
sees the positive side of the shell. If, while the strength of 
the shell is unchanged and the boundary fixed, the shell itself 
be imagined deformed in any way, the value at P of the poten- 
tial function due to the shell will be unchanged so long as P 
is on the same side of the shell. The potential function due to 
a closed simple shell of any form is zero at every outside point 
and + 47 at every inside point, where the positive sign is to 
be used if the positive side of the shell is turned inwards. 

If P and P' are two points close to each other on opposite 
sides of a simple, very thin shell, S, of strength ®, and if 
V, and V,, are the values of the potential function at P and P’, 
due to S, we may imagine the shell closed by an additional 
shell also of strength ® which shall add to the potential func- 
tions at each of the near points P and P' the quantity a If 
P is within the closed shell, P’ will be outside, so that 


V+ae=0, Vitae«=t4n0, or V'—V=+479. 


The potential function due to an infinitely thin, open or closed, 
simple polarized shell is, therefore, discontinuous at the shell 
by +47 times the strength of the shell. 

The potential energy of a magnetic north pole of strength m 
at a point, P, near a simple, finite magnetic shell is + mu, 
and if P is on the positive side of the shell, mw ergs will be 
done by the field on the pole if it be carried to infinity by any 
path. If the pole be carried around the edge of the shell from 
a point very near the shell on the positive side to a point very 
near the first but on the negative side, the work done on the 
pole by the field will be 4 rm® ergs. 


In general, 
ee off" “ee ) dS, 
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where 7 is the distance from dS to P, and n is the normal to 
the shell on the positive side. If the directions of both r and 
nm were considered reversed, the value of the integral would be 
unchanged, but it would then more clearly represent the sur- 
face integral, taken over the shell, of the normal component 
towards the negative side of the shell of the force due to mag- 
netic pole at P. If, instead of a single pole at P, there is any 
collection of poles at different points or, indeed, any magnetic 
distribution, WM, the mutual potential energy of the shell and 
this distribution is equal to ® times the flux of magnetic force 
due to M in the negative direction through the shell. 

A simple magnetic shell in a magnetic field, Hj, due to 
matter outside the shell tends to move so as to decrease the 


ds 


Bey 


Fie. 55. 


mutual potential energy of the shell and the field, and this 
quantity, as we have just seen, is equal to the negative of the 
product of the strength of the shell and the number JW of 
lines (unit tubes) of force due to the field which cross the 
shell in the positive direction. The shell, therefore, tends to 
move so as to make WV as great as possible. If the shell be 
displaced parallel to itself through a very short distance, dw, 
in any direction, the limit of the ratio of the loss of energy 
(+ ®-dN) caused by the displacement to dw (i.e., ®: DN) 
measures the force U, which tends to move the shell in this 
direction. 

If we suppose that the shell in being displaced does not 
encounter any of the magnetic matter which gives rise to the 
field, H, will be a solenoidal vector within the cylinder 
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generated by the shell, so that the integral of the normal out- 
ward component of H, taken over the surface of the cylinder 
will be zero. The shell in its initial and final positions forms 
the ends of the cylinder, and these together contribute dV 
to the surface integral, so that the convex surface must con- 
tribute —dN. If ds is an element, measured in the positive 
direction about the shell, of the curve which bounds the shell 
in its original position, and if dS is the element of the convex 
surface of the cylinder generated by ds, 


dS = ds-du-sin (du, ds) ; 


the magnetic induction through this element due to the 
magnetic matter outside the shell is 


H,: cos (n, H))-sin (du, ds) -du-ds, 


and this integrated with respect to s is equal to —dW, or 
to — Udu/®. Therefore, 


Oe ee if H, cos (n, Hy) «sin (du, ds) «ds, 


and the component in any direction (w) of the whole force on 
the shell may be expressed as a line integral taken around the 
curve which bounds the shell. The integrand vanishes at any 
point where w is parallel to H, or to ds, but if at any point w 
happens to be perpendicular to the plane of A, and ds, the 
integrand becomes H, sin (H,, ds), the component of the field 
perpendicular to ds. If, with this fact in mind, we choose at 
every point on the curve a direction, p, perpendicular to the 
plane of H, and ds, so that 


cos(p, ds)= 0 and cos(p, H,) = 0, 
and remember that cos(n, ds)= 0, cos(u,n)= 0, we may 
easily prove that 
H,- cos (n, Hy) - sin (du, ds) = H,- sin (11), ds) - cos (p, %). 


This shows that U may be mathematically accounted for by 
assuming that every element of the curvilinear boundary of 
the shell is urged in a direction perpendicular to the field and 
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to the element, by a force numerically equal to the product 
of the length of the element, the strength of the shell, and 
the component perpendicular to the element of the field, 1). 

If the field is due to a single magnetic pole of strength m 
at a point, P, distant r from ds, the force on the element 
would be m®-sin(r, ds) -ds /r?, and the force exerted by the 
shell on the pole would be accounted for by assuming that 
every element, ds, of the boundary of the shell contributed 
an elementary component, m®- sin (r, ds) ds /r?, in a direction 
perpendicular to the plane of P and ds. 


Vector PorEeNTIAL FUNCTIONS OF THE INDUCTION. 


Every vector, K, which, except in a given finite region, 7, 
is everywhere continuous, solenoidal, and lamellar, has in 
simply connected space outside 7’ an easily found scalar poten- 
tial function, W, which satisfies Laplace’s Equation. We may 
assign to W at pleasure a numerical value at any given point, 
O, and define the value of W at any other point, O', to be the 
line integral of the tangential component of AK taken along 
any path from O to O' which does not cut 7. The partial 
derivatives with respect to x, y, and z of W thus defined 
outside 7’ are evidently equal at every point to the compo- 
nents of AK parallel to the codrdinate axes, and, since K is 
solenoidal, VV7V =0. If K so vanishes at infinity that the 
limit of the product of its intensity and the square of the 
distance (7) from any finite point is finite, the limit of 
r?. D.W is finite, and if we assign to W the value zero at 
any point at infinity, its value everywhere at infinity will 
be zero. If A is continuous and if it vanishes at infinity in 
the manner just described, and is known to be everywhere 
solenoidal and lamellar, it must vanish everywhere; for; if 
we apply [151] to the harmonic function W within an infinite 
sphere, it will appear that W, which vanishes at infinity, is 
identically equal to zero. The vector which represents the 
force in the case of a charged spherical conductor is solenoidal 
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and lamellar within and without the conductor, and it vanishes 
properly at infinity, but it is discontinuous at the surface of 
the sphere. It is usually convenient to assume that the 
integral of the normal component of a vector, taken over any 
closed surface at which the vector and its first derivatives are 
continuous, is equal to the integral of the divergence taken 
through the space within the surface, even though at some 
inner surface the vector is discontinuous. On this assumption 
the vector just mentioned is not solenoidal on the surface of 
the conductor, for it has there divergence equal in total 
amount to 47 times the charge. 

The line integral of the tangential component of a vector, 
taken around a closed curve on which this component is con- 
tinuous, is generally used as a measure of the integral of the 
normal component of the curl of the vector taken over a cap, S, 
bounded by the curve, even though at some curve on S the 
vector ceases to be continuous. 

A vector cannot be considered lamellar at a surface where, 
though its normal component is continuous, some of its tangen- 
tial components are discontinuous. 

If two continuous vectors, U and U', which so vanish at 
infinity that r?U and r?U' have finite limits, have at every 
point in space equal curls and divergences, and are lamellar 
and solenoidal outside certain given finite regions, they are 
identical; for the difference between these vectors is every- 
where lamellar and solenoidal, and it vanishes at infinity in 
such a manner that the product of its intensity and the 
square of the distance from any finite point is finite. This 
theorem may be extended to the case where UV and U', though 
not everywhere continuous, have identical discontinuities. 

If Ni, &, m, & represent the numerical values at the point 
(x1, ¥1, #1) of the divergence and the curl components of the 
vector U, which outside a given region is everywhere continu- 
ous, lamellar, and solenoidal, and which so vanishes at infinity 
that r?U has a finite limit; if 


ieee) oh (Op ee part eh 2); 
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Sed i fp ef (fr ee 
at 4 wr r : is 47 T , 

ae mary =e fif (2 
R=TSSS Whe ‘ Aa a : 


in which the integrations are to be extended over all space, or 
at least over all space where U is not lamellar and solenoidal ; 
we know from the theory of the Newtonian potential function, 
where similar integrals have been studied, that, if N, , y, ¢ 
are the divergence and the curl components of U at (a, y, 2), 


VE=N, VF, =—é VF, =—y, VF,=—6. 


and. if 


Il 


The divergence of the vector /, which has the components 
F,, F,, F,, is equal to 


SS fb: Ded /r) + m-Dy (1/7) + &- D.A/)]dny 
and, since DD ff2y= = D177), 
and — &-D,,(1/1) = Dadi/t — Da(Es/2); 


we may write this by the help of Green’s transformation in 
the form 


if { iP (Dah + Dim + Dah) /7 dry 


—ffts “COS (&, 2) + m- COS (y, 2) + ,- cos (x, n)]/r-d&,, 


where the second integral is to be taken over the outer boundary 
of space. The integrand of the triple integral vanishes every- 
where, because the vector (€, y, €), being the curl of another 
vector, is itself solenoidal. The field of the double integral is 
in a region where U is lamellar, so that the integral itself 
vanishes and /’ is seen to be solenoidal for all values of 2, y, 
and 2. 

From these results it appears that the vector which has for 
its components (D,# plus the x component of the curl of /), 
(D,E plus the y component of the curl of #), (D,£ plus the 
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2 component of the curl of #’) has everywhere the same curl 
and the same divergence as U and vanishes like it at infinity, 
so that it is identically equal to U. D,E, D,E, DE are 
the components of a lamellar vector, and the curl of F is 
solenoidal, so that the vector U, which is not everywhere 
either solenoidal or lamellar, is everywhere expressible, as 
was first shown by Helmholtz,* as the sum of a solenoidal 
and a lamellar vector. The equations 


U,=D,E+D,¥.—D,F, U,=D,E + D.F,—D,F, 
U, = D,E + D,F, — D,F, 


give any vector, U, which is known to vanish properly at 
infinity, when its curl components and its divergence are 
known. If U is solenoidal, # vanishes and F is a vector 
potential function of U. Every lamellar vector has a scalar 
potential function the component of the gradient of which, at 
any point, in any direction, gives the intensity of the compo- 
nent of the vector at that point, in that direction. The com- 
ponent at any point, in any direction, of the curl of a vector 
potential function of a solenoidal vector gives the intensity of 
the component of the vector at the given point, in the given 
direction. Heaviside gives the name “circuital” to a vector 
which is solenoidal but not lamellar, and the name “ diver- 
gent” to a vector which is lamellar but not solenoidal. 

If p, is a function of x, yj, %, and if r? stands for the 
expression (a — x,)? +(y — 41)? + (# — #1)’, the familiar inte- 


gral ii if 12 dx,dy,dz,, extended over all space, is a function 


of x, y, 2, which Prof. J. Willard Gibbs in a remarkable paper fT 
has denoted by the symbol Potp. Using this notation, we 
may write 

AnH =— PotN, 4rF, = Poté, 47F, = Poty, 4rF, = Pote; 


* Crelle’s Journal, Bd. LV, 1858. 
+ Elements of Vector Analysis, § 92. See also Heaviside’s Electrical 
Papers, XXIV. 
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and if we represent by Pot curl U the vector which has for 
its components Pot é, Pot y, Pot £, we have the vector equation 
427F'= Pot curl U,and if UV is solenoidal, 47 U=curl Pot curl U. 
If U is solenoidal, 4 +U = curl curl Pot U = Pot curl curl VU, 
and curl Pot U is a vector potential function of 47U, or 
Pot U is a vector potential function of a vector potential 
function of 47U. In the case of any polarized distribution 
whatever, provided there is no intrinsic volume density po, the 
induction is solenoidal and has a vector potential function. 


Il. ELECTROKINEMATICS. 


70. Steady Currents of Electricity. When a charged body 
A is brought up into the neighborhood of a previously 
uncharged, insulated conductor B, the two kinds of elec- 
tricity which, according to our provisional theory, exist in 
equal quantities in every particle of B tend to separate 
from each other and, as a consequence, free electricity 
appears on B’s surface, some parts of this surface becoming 
charged positively and other parts negatively. If 4 is brought 
into a given position and fixed there, the distribution on the 
surface of B quickly attains and keeps a value determined by 
the fact that the whole interior of B must be a region at con- 
stant potential, or, in other words, that the resultant force at 


any point within B due to the free electricities on its surface __ 


must be equal and opposite to the force at that point due to all 
the free electricity outside B. If, now, A with its charge is 
moved to a new position, the old distribution on B’s surface will 
not in general screen the interior of B from the action of A’s 
charge, and a new separation of electricity within Band anew 
arrangement or combination of the charge on the surface is 
necessary before a new state of equilibrium can be established. 
If A be moved continuously in any manner, there will be a con- 
stant attempt on the part of the separated electricities to set 
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up a state of equilibrium, and hence at every point of B there 
will be, in general, some electrical change going on continually. 

If two conductors A and B at different potentials be con- 
nected by a fine wire, the whole will form a single conductor, 
which can only be in a state of equilibrium when the value of 
the potential function due to all the free electricity in existence 
is constant throughout its interior, and there will be such a 
transfer of electricity through the wire as will establish this 
state of equilibrium in a very short time. If, however, by any 
device we can furnish unlimited quantities of electricity to A 
and B in such a way as to keep them at the same potentials as 
at the beginning, there will be a continual attempt to establish 
electric equilibrium within the compound conductor consisting 
of A, B, and the wire, and, as a result, there will be a continual 
transfer of electricity through the wire. 

The transfer of electricity from one place to another through 
a conductor is a very common phenomenon. Sometimes, as we 
have seen, electricity traverses the conductor for a short time 
only ; sometimes, however, the transfer goes on indefinitely, 
and, so far as we can judge from its attendant phenomena, at 
a constant rate, so that just as much of a given kind of elec- 
tricity crosses any surface within the conductor in any one 
second as in any other: such a continuous steady tran fer as 
this is called a ‘‘ steady current.” 

The existence of a steady current in a conductor implies a 
force tending to drive electricity through the conductor ; that is, 
it implies, at least in the absence of moving magnetic masses 
and of electric currents in the neighborhood of the conductor, 
free electricity somewhere in existence which gives rise to a 
potential function not constant throughout the conductor. No 
part of a conductor through which a steady current is flowing 
can accumulate free electricity as the time goes on, for such an 
accumulation increasing with the time would be accompanied 
by changes which must show themselves outside the conductor. 
We are led to assume, then, that if any closed surface be drawn 
inside a conductor which carries a steady current, just as much 
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electricity of a given kind enters the region enclosed by the 
surface in any interval of time as leaves it during that interval. 

We have seen that at every point inside a conductor where 
there is a resultant electric force there will be an electric sepa- 
ration which wili go on as long as the force exists. Experi- 
ment seems to show that the rate of separation of quantities of 
electricity is proportional to the magnitude of the force. Let 
P be a point of a small plane area w inside a conductor, and 
let F be the average value during the interval from ¢ to t+ At 
of the component of the electric force normal to this area; then 
in what follows we shall assume that the amount of positive 
electricity which crosses this surface, in the sense in which the 
force points, during the interval is k- w- #’- At, where k is a con- 
stant depending only upon the material of which the conductor 
is composed and upon its physical condition. The average 
value of this flux per unit of time per unit of surface is, there- 
fore, k-F. If, now, w and At are made to grow smaller and 
smaller in such a manner that P is always a point of wo, F' ap- 
proaches as a limit the negative of the value at P of the deriva- 
tive, taken in the direction in which F’ acts, of V, the potential 
function due to all the free electricity in existence; so that at 
any instant the value at a point, P, in any direction, n, of the 
rate of flow of positive electricity across a surface normal to n, 
per unit of this surface per unit of time, is the value at P 
of —k- D,V. 

It follows from this that if any tube of force be drawn in a 
conductor which carries a steady current, there is no flow 
through the sides of the tube. Consider a region shut in by a 
tube of force and by two equipotential surfaces inside a con- 
ductor through which a steady current is flowing. Let o, and w, 
be the areas of the equipotential ends of the region, and let F, 
and Ff, be the average values of the normal force, taken in the 
same sense in both cases, over these ends. Applying Gauss’s 
theorem to this region we have Fw, — Fw, = 47Q, where Q is 
the amount of free electricity, algebraically considered, within 
the region. If the conductor is homogeneous, the amount of 
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positive electricity which enters —or the amount of negative 
electricity which leaves — the region by one end per unit of 
time is KF, -,, and the amount which leaves it at the other end 
is KF,+- we. These amounts are equal, so that Pho. — yo, = 0; 
hence, (= 0, and there is no free electricity at any point within 
a homogeneous conductor which carries a steady current. The 
free electricity which gives rise to the potential function the 
rate of change of which is. proportional to the flow of electricity 
within the conductor, must then lie either outside the conduc- 
tor, or on its surface, or both. It would not be difficult to 
prove that there must be a distribution of electricity on parts 
of the surface of every conductor which carries a steady current 
and is in contact in some places with an insulating medium ; 
but the fact that a wire through which such a current is passing 
may be moved about so as to change its position with respect 
to outside bodies without changing the amount of the current 
will suffice to make it probable that a part, at least, of the free 
electricity that we have been considering moves with the wire. 
Since the density of the free electricity within a conductor 
which carries a steady current is zero, the potential function 
V, inside the conductor, must satisfy Laplace’s Equation ; 
that is, VV=0. It is easy to see, since there can be no 
accumulation of free electricity in any conductor which bears 
a steady current, that the amount of electricity which comes 
up on one side to the common surface of two such conductors 
which are in contact must be equal to that which goes away 
from this surface on the other; that is, at every point of 
the surface, k,-D,V,=k,- D, V2, where k, and k, are the spe- 
cific conductivities of the two conductors, and D,V, and D,V, 
the values at the point, taken in the same sense in both cases, 
of the derivatives of V in the direction of the normal to the sur- 
face, one on one side of the surface, and the other on the other. 
It is to be noticed that the boundary between two such con- 
ductors may or may not be an equipotential surface. At every 
point of the common surface of a conductor and an insulating 
medium hk-D,V=0 or D,V=0; hence the equipotential sur- 
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faces within the conductor cut the surface where the conductor 
abuts on the insulating medium at right angles. 


71. Linear Conductors. Resistance. Law of Tensions. Let 
us consider the case of a linear conductor, that is, one in which 
all the lines of force are parallel to each other and to the sides 
of the conductor, so that every tube of force has a constant 
cross-section throughout that part of its length which lies in the 
given conductor. It will appear later on that any right cylin- 
drical conductor, whatever the form of its cross-section, will be 
a linear conductor, if every point of one of its ends be kept 
at one constant potential, and every point of the other end at 
another. It will also be evident that such wires as are ordinarily 
used for making electrical connections are, to all intents and 
purposes, except perhaps at the very ends, linear conductors, 
whether these wires are straight or curved. Let the ends of a 
homogeneous long uniform straight wire of constant cross- 
section q, and of length /, be kept respéctively at potentials 
Viand V". Take the axis of the wire for the axis of w, and 
the origin at that end of the wire at which the potential func- 
tion due to all the free electricity in existence is V'; then every 
line of force inside the wire is parallel to the axis of x; and 
since there is no force in any direction perpendicular to the 
axis of x, D,V=0,, D,V=0, and Laplace’s Equation, which 
must be satisfied by V inside the wire becomes D?V=0, 
whence V= Av-+ B; or, since V= V' whena=0, and V=V"! 
when x«=1, 


y= PP +7 


The steady current c which traverses the wire carries across 
every right section in the unit of time —kq-D,V units of posi- 
tive electricity in the positive direction of the axis of x. Thatis, 


e= —hq-D.V="v'—9"), 


where x is the specific conductivity of the material out of which 
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the wire is made. The quantity //kg is called the resistance 
of the wire, kg//l its conductivity. The quantity k is a 
function of the temperature. In the case of a pure solid 
metal at any ordinary temperature a rise of 1° C. will 
increase 1/k by about 0.004 times its own value. This 
fractional increase is much smaller in the case of some 
alloys: for “manganin” at room temperatures it is not more 
than 0.00001. 

The analysis of this section assumes that the homogeneous 
linear conductor is at the same temperature throughout and 
that it is not surrounded by a changing magnetic field. 

It is an important physical principle, first enunciated in a 
slightly different form by Ohm, that if a fixed portion of the 
surface of a given homogeneous conductor be kept constantly 
at potential V;, and another fixed portion at potential V,, while 
the rest of the surface of the conductor is in contact with an 
insulating medium, the ratio of V, —V., to the steady current 
which traverses the conductor, —as measured by the quantity 
of positive electricity per unit of time which either enters the 
conductor through the surface V = V, or leaves it through the 
surface V = V,, is a quantity independent of V, and P,. 
This ratio is called the resistance of the conductor under the 
given circumstances. The resistance of a conductor depends 
not only upon its shape, the material of which it is composed, 
and the temperature and other physical conditions of this 
material, but also upon the shape, size, and position of those 
portions of the surface which are kept at the potentials V, and 
V,. The resistance of so much of a tube of force drawn in a 
conductor which bears a steady current as lies between the 
equipotential surfaces V = V, and V = V, is the ratio of V, —V, 
to the amount of positive electricity per unit of time which 
enters the portion of the tube which we have been considering 
through the surface V = V,, or leaves it through the surface 
V =S,, or crosses any section of the tube in the direction indi- 
cated. Any electric change which, under the same conditions 
of temperature and pressure, will leave this tube of force still 
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a tube of force and its equipotential ends still equipotential, 
however the value of the potential function may be changed, 
will, according to this law of Ohm, leave the resistance the 
same. Other things being equal, the resistance of a tube of 
force increases with the length of the tube and diminishes-as 
the section of the tube is made greater. 

Suppose that we have a series of linear conductors joined 
end to end in a closed ring, so that the end of the nth conducter 


is in contact with the beginning of the first. Let V,,' and V,,," 


m 


be the values of the potential function at the beginning and end 
of the mth conductor, and 7,, the resistance of this conductor. 
Since the same current ¢ must traverse every conductorof the 
series, we have . 


Vi —V' =cr,,. VS" Ser, V'— Vi =er, < V— Vv, =o 
and, if we add them together, we shall get 


epee ies as ae UO Verh AE enor tl Vig 
TAP TDAP TR AR oo ae PR, 


where V,'— V,""is the difference between the values of the 
potential function on opposite sides of the surface common to 
the second and first conductors, V;'— V,'' the corresponding 
difference for the third and second conductors, and so on 
around the ring. If the sum of these differences is not zero, the 
circuit is said to be the seat of an electromotive force. 

We may here assume that when any two conductors, at 
the same temperature throughout, but made of different mate- 
rials, are placed in contact with each other, a discontinuity * 
of the potential function suddenly appears at their common 


* Although the language of the old ‘‘ Two Fluid Theory”’ is used in 
this chapter, the reader is strongly urged to make himself acquainted with 
the physical theories now commonly used in accounting for electrical 
phenomena. See Dr. O. J. Lodge’s papers ‘‘ On the Seat of the Electro- 
motive Force in the Voltaic Cell,’”’ printed in the Philosophical Magazine 
for March, April, May, and October of 1885, and his ‘‘ Modern Views of 
Electricity,’ a series of contributions to Nature, begun in 1886. 
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surface. The amount of this discontinuity, which remains con- 
stant after it has once been established, is the same for all 
points of the common boundary of the two conductors, and is 
independent of their size and shape, of the extent of surface in 
contact, and of the absolute values of the potential function on 
either side of the boundary. We shall represent the sudden 
fall in the value of the potential function encountered by pass- 
ing from a conductor made of material A to a conductor made 
of material B across any point of their common surface by the 
symbol A|B. A certain class of substances, to which all 
metals belong, has the property that if Z, M, and WN are any 
three of these substances, all at the same temperature, 
L|M+M|N=L|N. 

This class is said to obey ‘‘ Volta’s Law of Tensions.” If a 
number of conductors made of different kinds of metals all at 
the same temperature be placed in line, the first in contact with 
the second, the second with the third, and so on, the algebraic 
sum of the jumps of the potential function encountered in going 
from the first conductor to the last through all the others is 
exactly the same in amount as the single jump which would 
occur at the common surface of the first and last conductors if 
they were put directly in contact with each other. Some other 
substances besides metals obey the Law of Tensions, but most 
liquids and solutions, whether in contact with each other or with 
metals, do not obey this law. 

The sum of the jumps in the potential function encountered 
in passing from copper to zinc by way of an iron conductor is 
the same, if the whole be at one temperature, as the jump 
encountered in passing directly from copper to zinc. But this is 
not equal to the sum of the jumps met with in passing from 
copper to zinc through sulphuric acid. 


Cu | Fe+ Fe | Zn=Cu | Zn, 
but Cu | (H,SO,) + (H,SO,) | Zn #Cu | Zn. 


The numerator of the expression just found for the intensity 
of the current which traverses a closed chain of linear conduc 
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tors is evidently the algebraic sum of the “jumps” in the 
potential function encountered by travelling in the direction 
in which the current is supposed to move, from the first 
conductor to the last through all the others, and reckoning 
the jump at any boundary positive if the value of the poten- 
tial function is increased as one crosses the boundary. If all 
the conductors which form the circuit are metallic and all at 
the same temperature, whether or not they are all made of the 
same kind of metal, this numerator is zero, and it follows that 
in order that a steady current may traverse a circuit of con- 
ductors, one at least of the conductors must disobey the Law 
of Tensions. 

The same formulas apply to a circuit composed of conduc- 
tors of any form if each of the common surfaces of contigu- 
ous conductors is equipotential. 

Every slender tube of force in a homogeneous conductor 
which carries a steady current is also a tube of flow and 
constitutes a current filament. We shall hereafter apply 
the term linear only to conductors which have very small 
cross-sections. 


72. Electromotive Force. We have seen that if a number 
of homogeneous conductors made of different materials be 
connected in series to form a heterogeneous conductor K, 
there will be discontinuities in the electrostatic potential . 
function within K at the common surfaces of adjacent con- 
ductors. If an equipotential surface A near one end of K be 
kept at potential V_,, and an equipotential surface B near the 
other end of K, at potential Vz, and if the algebraic sum of 
the discontinuities of potential between A and B, counting a 
step up as positive, is #, the current in K from A to B will be 
(V,4—Vz+ +) /r, where r is the resistance between A and B. 
In such a case as this, V,— V, is called the electrostatic or 
external electromotive force, and EH the internal or intrinsic elec- 
tromotive force. If K forms a closed circuit, all the electro- 
motive force may be regarded as internal. In this connection 
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it should be said that, although physicists are not all in 
agreement as to the magnitude of the discontinuity of poten-_. 
tial at the surface of contact of any two given dissimilar. 
conductors, there is no difference of opinion as to the alge- 
braic sum of these discontinuities in the case of ae closed 
circuit. 

If one end of a hetero- 
geneous cylindrical con- 
ductor K, of given 
resistance 7, formed of 
homogeneous cylindrical 
conductors in series, be 
kept. at a given poten- 
tial V, and the other end 
at the given potential V,, 
the value of the potential 
function will depend very 
much upon the constitu- 
tionof A. Three different 
cases are illustrated in 
Fig. 56, in which abscis- 
sas represent resistances 
and ordinates the corre- 
sponding values of J. 
In these figures A is sup- 
posed to be an electro- 
lyte, while Z, M, N are 
metals: V;= 2, V,= 0.5, 
A|N=038, Al) = 1.8, Fic. 56. 

N|M=0. The current 

strength (indicated by the slope of the line which gives 
the value of V) is evidently different in the different 
diagrams. 

Fig. 57 represents V in a long chain made of two metals P, 
Q, and an electrolyte #, such that &|P is small, &| Q still 
smaller, and P| @ zero. Here the ends are at the same 
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potential, and there are no great potential differences any- 
where in the chain, but the current (as indicated by the 
slope of the V line) is large, as is the sum of the small 
discontinuities which go to make up the electromotive force 
in the chain. , : 

A,galvanic battery may be regarded as a chain of three 
or more,generally non-linear conductors, at least one of which 
disobeys the Law of Tensions. The algebraic sum of the 
jumps in the potential function encountered by starting at 
that pole of a galvanic battery at which the 
potential is less, and passing to the other 
pole through the battery, is the electromotive 
force of the battery. The difference of poten- 
tial between copper wires attached to the open 
poles of the battery, measures this electromotive 
force. Chemical action goes on inside every 
battery when its poles are closed; some of its 
solutions are decomposed, and the products of 
this decomposition often appear at the boundaries of the liquid 
conductors inside the battery and decrease the electromotive 
force by changing the amount of jump in the potential func- 
tion at each of these boundaries. For this reason the electro- 
motive force of a battery in action may be much less than 
when the poles are open. 

If two points, P and Q, in a network of conductors which 
carry a steady current, be connected by an additional wire 
conductor, K, containing a battery of such electromotive force, 
e, and so directed as to prevent any current from passing 
through K, e measures the difference of potential between P 
and @. It is easy to show that when the poles of a battery 
are closed by a conductor of resistance R, the difference 
between the values of the potential function at the ends of 
this conductor is RH /(B+ R), where Z is the electromotive 
force of the battery under the given circumstances, and B 
the resistance of the conductors which make up the battery 
itself. The steady current which flows through the circuit 
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carries H /(B+ &) units of positive electricity across every 
cross-section per unit of time. With a given battery the 
intensity of the current can be changed very much, of course, 
by increasing or decreasing the resistance of that part of the 
circuit which lies outside the battery. 

In the centimetre-gramme-second system of lecencoidtte 
[E.S.] absolute units, the unit of electric quantity is that 
quantity of electricity which, if it could be concentrated 
at a point in air, would repel a like quantity concentrated at 
a point 1 centimetre from the first with a force of 1 dyne. 
This unit is found inconveniently small, however, when one 
has to deal with such steady currents as are usually met 
with in practice, and the coulomb, which is equal to about 
3 x 10° of these absolute units, is the practical unit of 
quantity most frequently used. 

The absolute E.S. unit of current carries the absolute unit 
of electricity past any point in its course each second. A 
current of a coulomb per second (equivalent to 3 x 10° of 
these absolute current units) is called an ampere. 

The absolute E.S. unit of resistance is 9 X 10" times as 
large as the practical unit called the ohm. The latter is the 
resistance of a column of pure mercury 1 square millimetre 
in section and 106.3 centimetres long, at 0° C. The resist- 
ance at 0° C. of a wire of pure copper 1 millimetre in diameter 
and 1 metre long is about 0.01642 ohm. 

The absolute E.S. unit of difference of potential is 
equivalent to 300 practical units. The practical unit, 
called the volt, is such that if the two ends of a wire of 
1 ohm resistance were kept at 1 volt difference of poten- 
tial, the steady current which traversed the wire would 
carry past any cross-section 1 coulomb of electricity per 
second. 

A condenser which requires 1 coulomb of electricity to 
charge it, so that the difference of potential between its 
poles is 1 volt, is said to have a capacity of 1 farad. A con- 
venient unit of capacity is the microfarad or the millionth 
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of a farad. It is equivalent to 900,000 absolute E.S. units 
of capacity. The capacity of a conducting sphere 9 kilo- 
metres in radius would be 1 microfarad, that of the earth 
something over 700 microfarads. The capacity of a nautical 
mile of such ocean telegraph cable as is usually laid may be 
taken to be about 4 microfarad. 


73. Kirchhoft's Laws. The Law of Divided Circuits. From 
what has been proved in the preceding sections about conduc- 
tors which carry steady currents, follow two theorems of much 
practical importance, called Kirchhoff’s Laws. 

I. If several wires which form part of a network of conductors 
carrying a steady current meet at a point, the sum of the inten- 
sities of all the currents which flow towards the point through 
these wires is equal to the sum of all those which recede from 
it; or, in other words, the algebraic sum of all the currents 
which approach the point through the wires which meet there 
is zero. 

Il. If, out of any network of wires which form a complex 
conductor and carry a steady current, a number of wires which 
form a closed figure be chosen, and if, starting at any point, 
we follow the figure around in either direction, calling all cur- 
rents which move with us positive, and all discontinuities of 
the potential function which lft us from places of lower 
potential to places of higher potential positive, the algebraic 
sum of the products formed by multiplying the resistance of 
each conductor by the current running through it, is equal to 
the algebraic sum of the jumps in the potential function 
which we encounter in going completely around the figure. 

The first of these laws is an immediate consequence of the 
fact that there can be no growing accumulation of free elec- 
tricity anywhere in a circuit which bears a steady current. 
To prove the second law, let a,, a, a3, ---a@, be m linear con- 
ductors, which, taken in order, form a closed figure, itself a 
part of a complex conductor which carries a steady current. 
In passing from a, to a, through all the other conductors, let 
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V;' and JV," be the values of the potential function at the 
beginning and end of the jth conductor, and let 7, and c; be 
respectively the resistance of this conductor and the value of 
the current running through it. Then, from the definition of 
the term “resistance,” we have the following equations : 


' aoe fr ies : 
V'—V,"=qr,;3 Vz V4" = Ceo 5 

I ie ‘ ! ha : 
Vz ae = CsPg 5 eV <3 Ve = OL n 5 


or, adding them all together, 


qr; i C515 ae C3""s + id ts CLP n 
= Ve aa} Va + et sae au + er — au + Aree ae Vo es us 


which is the statement of this 
law. 

If electricity is free to pass 
from a point P to another point 
P' by two wires of resistance 7, 
and 7, respectively, and if a 
steady current be flowing from 
P to P', the current will be 
divided between the two wires 
in the inverse ratio of their 
resistances or in the direct ratio Fic. 58. 
of their conductivities. For, if 
V and V' be the values of the potential function at P and P’, 
we have V—V'=¢,r, and V—V'=ce,7,, whence ¢ :¢ = 7:1, 


Theo 
Moreover, qj +aq=(V—F’') (2 =f *); 
Uigy Uh: 
V—V' 1 
or ——_— = ——: 
} C+ 1 st a) 
te Py 


The expression in the second number of the last equation 
is, by the definition of the term, the resistance of the com- 
pound conductor formed of the two which join P and P'. 
It is evident that the eanductivity of this conductor is the 
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sum of the conductivities of the two wires of which it is 
composed. ; 

If m conductors be joined up in parallel to form a compound 
conductor, the conductivity of the latter is the sum of the 
conductivities of the constituents, and its resistance is the 
reciprocal of the sum of the reciprocals of their resistance. 


If four conductors the resistances of which are p, q, 7, and 
s form a quadrilateral (Fig. 58) one pair of vertices of which 
are connected by a wire of resistance g and the other pair by a 
conductor of resistance 6 containing a battery of electromotive 
force H, we have an arrangement of much practicalimportance, 
which is often called Wheatstone’s Net. If we denote the 
strength of the current through the cell, in the direction indi- 
cated by the arrow in the figure, by C, and the currents in 
the other conductors by C,, C,, C., C,, and C, respectively, 
Kirchhoff’s Laws yield the equations 


C=C, = CC, C=C, + CG. 
C= GC. p-C,-—¢:C,+9:¢C,=9, 
g° C,—?t> C+ $* C,= 0, Oe .0 gue pts =U, =i 


If we substitute the values of C, C,, C, obtained from the first 
three equations in the last three, we shall get a system of 
three linear equations involving the three unknown quantities 
C,, C,, C,, which can be easily solved. These equations are 


(prot 9) Grp C,.—9-C=0, 
9g. C7 -—7= Cs IC ==.0, 
= 9: C20. OC, E10-g-'s)-C, = 2, 


and if we denote the determinant of the coefficients, 


—{prqts)+gs(ptr)+b(ptg(rts) 
To [OO Tg tes) ga ee 10) 1, 

or —jgr(O+q+s) + 9b (g+r+-s)— ps + ors 
+ gbs + p(gt+trt+s) (b+¢+8)}, by—A, 
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it is easy to see that 

C,= E (qr — ps) /A, 

C= E (gq + sp +sg + sq)/A, 

C,= E (gp +rp +rg+rq)/A, 

C,= E (qr + gq +89 +89) /A, 

C,= E(gr+ gp + rp + ps) / A. 

C =E (gq +sp+sg+sqt+pyt+rpt+rgtrq)/A. 
The resistance (#) of the net pgrsg, computed from the equa- 
tion C= H/ (6+ B£), is 


[9 G@+s) (ptr) t+pr (gts) +9s(p+r)]. 
(PCB ee (Pers) | 
If no current passes through the resistance g, we have 
qr = ps, C, = C,, C, = C,, and, as we may see by multiplying 
out and cancelling, 


C,/C,=(q+s)/(p +7), C./C=(9+s)/(p+q+rts), 

and C,/C=(p+r) /(p+q+r+s). 

It is evident, from an inspection of the Kirchhoff equations 
belonging to the three cases, that if the resistances of the 
linear conductors which go to make up a given network are 
fixed, and if C\, C,, C;,--- are the currents in the different 
members when these members contain the electromotive forces 
E,, E,, E;,--- and C;!, C,', C;',---, the corresponding currents 
when the electromotive forces are Z,', H,', E,',-... CQ, + Cy’, 
C, + C,', C;+ C;',--- would be the currents if the electromo- 
tive forces were #,+2,', H, + H,', LH, + H;',---. 

Let P and Q, any two points in a network of linear con- 
ductors some or all of which contain electromotive forces, be 
at potentials Vp, Vg respectively, and let the resistance of 
the whole network when the current enters at one of these 
points and goes out at the other be 7, then if P and Q be 
connected by an additional wire W of resistance 7, the cur- 
rent in this wire will be (Vp— Vg) / (7) +7) in the direction 
from P to Q. For if (1) W contained an electromotive force 
(Vp-— Vo) directed from Q to P, the rest of the network 


238 ELECTROKINEMATICS. 


being unchanged, no current would pass through W, and the 
other currents would not be altered by the introduction of W ; 
and if (2) W contained the electromotive force (Vp—VgQ) 
directed from P-to Q, and if all the other electromotive forces 
in the original network were annihilated, leaving the resist- 
ances unchanged, a current (Vp—V 9) /(%+7) would flow 
through W from P to @: the given arrangement can be 
regarded as formed by superposing case (1) upon case (2). 


74. The Heat developed in a Circuit which carries a 
Steady Current. Given, in a region not exposed to magnetic 
changes, a chain of 2 conductors, each in itself homogeneous, 
and at a uniform temperature throughout; let a portion A of 
the surface of the first be kept, by means of some external 
agency, at potential V,, and a portion B of the surface of 
the last at a lower potential V,, while the rest of the outer 
surface of the chain abuts upon non-conducting media. S, 441, 
the surface of separation between the kth and the (k + 1)th 
conductors, may or may not be equipotential, but if these 
conductors are of different materials, we must expect to find 
at all points of this surface a uniform discontinuity, Z, ,.,, 
of potential. In following down from 4 to B an infinitesimal 
tube of flow which carries the steady current AC, we start at 
potential V.,, leave the first conductor at potential V,", enter 
the second conductor at potential V,', leave it at V,", enter the 
third conductor at V3’, and so on. Every second in the kth 
conductor, AC absolute units of electricity are lowered from 
potential V,' to potential V," and AC(V,'—V,") units of 
work (representing loss of electrostatic energy) are done by 
the electrostatic field upon the electricity which moves with 
the current: this energy appears as heat in this conductor. 
The work thus done in the whole chain is 


NO os Val =o VA ae 9 Vs + Vig en Vel + ae + ae Ba, Vz), 
or, since Vie! a ees 


AC(V 4 = Ver Fy + Fy s ot ta + F,, 1.) = NC VZ-2Ve a Ff). 
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This energy all appears as heat in the conductors which form 
the chain. 

At the surface S,,,,, AC units of electricity are raised 
every second from potential V,"” to potential V,,,'. The 
work thus done every second is AC-#,,,,, and, by virtue 
of similar processes at all the surfaces of discontinuity, the 
electrostatic energy is increased in this way every second by 
AC. EH. The net loss in electrostatic energy in the chain per 


second is, therefore, 
( V4 reat Vy) AC, 


which is otherwise evident. Taking into account all the cur- 
rent filaments which go to form the steady current C, we see 
that an amount of energy equivalent to C(V,—V,+ £) 
appears as heat in the conductors which form the chain, and 
that an amount of electrostatic energy equal to HC is fur- 
nished to the chain. If the chain is closed and if, going 
around it in the direction of the steady current C, we denote 
by # the algebraic sum of the discontinuities of potential, 
‘counting a step up as positive, we shall find that the energy 
EC appears as heat in the conductors and that since the 
circuit is at the same temperature throughout, this is fur- 
nished by chemical action in the chain. If r is the total 
resistance of the chain, C= #/rand HC=C’r. This result 
represents ergs or joules, according as H, C, and r are meas- 
ured in absolute electrostatic units or in volts, amperes, and 
ohms: a joule is equivalent to 10’ ergs. 

If the chain contains a battery of electromotive force Z, in 
the direction of the steady current C, and if there are in the 
chain outside the battery discontinuities of potential which, 
reckoned against the current, amount algebraically to £Z’, 


H=f,— f', C=(4 — £')/r, 


and the energy used in heating the chain is (Z, — Z') C= Cr: 
when we wish to regard the battery as the source of this 
energy, it is convenient to write the last equation in the 
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form Z,C = C’*r+ E'C, and to say that of the whole energy, 
HC, furnished by the battery, C?r, which appears as heat in 
the conductors which form the circuit, is used in maintaining 
the current, and #'C, in overcoming the counter-electromotive 
force Z'. Ifa cell of electromotive force HZ, be joined up with 
a number of metallic conductors all at the same temperature 
to form a simple circuit of total resistance 7, the current will 
be C,=#,/r, and the whole energy, £,C, = C,’r, furnished 
each second by the battery, will appear as heat in the circuit. 
If, however, while the total resistance of the circuit remains 
unchanged, the battery be called on to do each second an 
amount W of outside work of any kind (such, for instance, as 
that involved in decomposing an electrolyte in the external cir- 
cuit), the steady current will have a value C smaller than C,, 
the whole energy £,C furnished each second by the cell will 
be a fraction of £,C,, and the portion of it C7, which appears 
as heat in the circuit, a smaller fraction of Cyr. The differ- 
ence between £,C and Cr will be equal to W, and this 
equation determines C. 


If a given steady current C is to be conveyed partly by a 
conductor of resistance 7, and partly by a parallel conductor 
of resistance r,, and if the portions carried by these conductors 
are C, and C, respectively, the amount of heat developed per 
second in the conductors will be u = Cr, + Cr, If C,, and 
consequently C,, be changed so as to keep their sum equal to 
the constant C, w will, in general, change, and we shall have 

Dou= aC a4 2 Cay Do, = 2 (Cyr, — Cyr): 
u, which is sometimes called the dissipation function, will, 
therefore, be a minimum if the current is divided between 7, 
and r, as it would be if the conductors were connected at the 
ends. It is easy to prove that if a given steady current be 
led into a given network of metallic conductors, at a uniform 
temperature, from without, the distribution of this current in 
the network will be such as to make the dissipation function 
as small as possible. If, for instance, a steady current C be 


ELECTROKINEMATICS. 241 


led into the network represented by ABDF in Fig. 58 at the 
point A and out again at B, we have 


Co Od UC CFCC; — C,, 
and uw is equal to 
Ore aes) ee oC, 0) CO — Cts C2 + gs OF. 


If we equate to zero the partial derivatives of « with respect 
to C, and C,, we shall get two necessary conditions for a 
minimum : the equations thus obtained are 


aga 9) Coto) C,=— pC, 
Pag eg a (Ping tat aC (p 4-1) 0, 
whence 


C,/C = (qr — ps)/(9¢ + sp+sg+sqa+po+rp+rg+rq), 
C/C=(gpt+rpt+rgt+rq)/(g¢+ sptsgtsqtpgt+rpt+rg+rq), 


etc., which are equivalent to equations already found. 

If the conductors 7, 7, 73,---7, Which form any network, 
complete or not, and carry currents Ci, C,, C;, --- C,, contain 
electromotive forces H,, H,, EH, -:- H, which have the direc- 


tions assumed for the currents, the currents are such as to 
make, not the dissipation function, but 


PEN COU ILENE IPE AGNI Te OBR ih 
aminimum. In the case of the complete Wheatstone’s Net, 
Waa (Op-4°'C,)> + pC, AC act 9 (Char) acta 

Re CAs CAR (OeU,) Ly 
and the equations formed by equating to zero the partial 


derivatives of W with respect to C,, C,, and C, yield the 
values for the currents given in the last section. 


75. Properties of the Potential Function inside Conductors 
which carry Steady Currents. If at any time ¢, positive elec- 
tricity is passing through a linear conductor in one direction 
at the rate P, and negative electricity in the other direction 
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at the rate N, the current strength is P + JN in the first direc- 
tion. Since there is no free electricity inside a homogeneous 
conductor which carries what we have called a steady current, 
it is customary to assume, when one uses the language of the 
“Two Fluid Theory,” that such a current consists of a flow 
of positive electricity in one direction at every point, and an 
equal flow of negative electricity in the opposite direction. 
We shall avoid much circumlocution, however, and we shall 
introduce no error into our numerical computations if we 
speak as if the whole current were due to the motion of posi- 
tive electricity. If the value of the potential function within 
a conductor which bears a steady current is given, all the cir- 
cumstances of the flow in the conductor are fixed. Positive 
electricity flows into ‘the conductor from without through all 
parts of the surface where the derivative of the potential 
function, taken in the direction of the exterior normal, is posi- 
tive, and out of it through all parts of the surface where this 
derivative is negative. At all points where the conductor 
abuts on an insulating medium, the derivative is zero: it may 
be zero at other points also. There can be no closed equi- 
potential surface lying wholly inside a conductor which carries 
a steady current, unless there is some constant source of posi- 
tive or of negative electricity within this surface, for the 
whole flow of electricity algebraically considered, per unit of 
time, through such a surface from within outwards, is equal 
to k times the surface integral of the intensity of the com- 
ponent of force in the direction of the exterior normal, and 
this is not zero. There must then be such a constant source 
of free electricity within the surface as shall furnish just as 
much per unit of time as the current carries away. 

Although it is not very easy to prove analytically that — 
given a homogeneous conductor and certain portions A, B of 
its surface which are to be kept at potentials V,, V,, while at 
all other portions the value of the derivative of the potential 
function taken in the direction of the exterior normal is to 
be zero—there exists a function which (1) satisfies these 
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surface conditions, and which (2) inside the conductor satis- 
fies Laplace’s Equation, and with its first space derivatives is 
continuous and single-valued, it is nevertheless clear from 
physical considerations that one such function exists, namely, 
the potential function inside the conductor when A, B are kept 
at the given potentials and the rest of the surface is exposed 
to an insulating medium. For practical purposes we need to 
prove that this is the only function which satisfies the given 
conditions. Suppose for the sake of argument that two such 
functions, V and W, exist, and call their difference uw. The 
function u, then, satisfies condition (2) and is itself equal to 
zero, or else has its derivative in the direction of the exterior 
normal equal to zero at every point of the surface. Applying 
Green’s Theorem in the form of Equation 151 to w, we find 
that the quantity (D,w)? + (Dw)? + (D,uv)*, which can never 
be negative, must be zero at every point within the conductor, 
so that D,u, Du, and D,w must vanish and w be a constant 
throughout the space within the surface. Now at portions 
of the surface itself, wis zero, hence it must be equal to zero 
everywhere inside the conductor, and V=W. If by any 
means, then, we find a function which satisfies the surface 
conditions and the general space conditions characteristic of 
the potential function inside a certain conductor carrying a 
steady current under given surface conditions, this function is 
itself the potential function. 

Any surface supposed drawn in a conductor which carries 
a steady current in such a way that the derivative of the 
potential function taken normal to this eee is zero shall 
be called a surface of flow. 

If a conductor which under given surface conditions carries 
a steady current be cut in two by means of a surface of flow, 
and if the two parts be separated while the surface conditions 
on what was the bounding surface of the old conductor remain 
the same as before, and the fresh surfaces now abut on an 
insulating medium, the state of flow at every point inside each 
part of the conductor will be just the same as before, for the 
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values of V and D,V on the surface of the new conductors are 
what they were before separation, and V must have its old 
values at all inside points. 

When a conductor is cut in two by a surface of flow the 
fresh surfaces exposed receive a statical charge of free elec- 
tricity, and the charges on what was the bounding surface 
of the original conductor are in part changed so that it is 
only within the parts of the old conductor that the effect 
of the separation is nil after the currents have become again 
steady. 

If two mutually exclusive closed surfaces S, and S,, kept, 
respectively, at uniform potentials VY, and V,, are the elec- 
trodes of an infinite homogeneous conductor KA, of specific 
conductivity k, which fills all space outside these surfaces 
and is at potential zero at infinity; if, moreover, the steady 
flow outward through S, or inward through S, is equal to C, 
the current vector in K is everywhere equal to what the elec- 
trostatic force would be if A were air and if S, and S, had 
charges C/4 7k and — C/4 zk so distributed as to bring them 
to potentials V, and V, respectively. 


In most of the preceding discussion we have tacitly assumed 
the separate conductors considered to be homogeneous, and we 
shall continue to do so in the following sections unless the 
contrary is stated. We have to consider briefly, however, in 
the remainder of this section isotropic conductors which have 
in different parts different specific resistances. 

If the specific conductivity * of an isotropic conductor 
which carries a steady current can be represented by a posi- 
tive scalar point function, and if the components, parallel to 
the coérdinate axes, of the vector g which represents the 
current strength, are wu, v, and w, we may state the fact that 
there is no growing accumulation of free electricity in any 
portion of the conductor bounded by the surface S by the 
equation 
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S fa cos (¢, n) dS = jibe [cos (a, n) - cos (x, ¢) 


+ Cos (y, 2) - cos (y, 7) + cos (z, n) -cos(z, g)]dS 
=f ft cos (x, n) + v cos(y, n) + w cos (2, n)]dS 


= ff [Du + Dy + Dwldedyde = 0. 


Here the double integrals are to be extended over the whole 
of S, and the triple integrals over all the space included by S. 
Since S is arbitrary, the integrand of the triple integrals must 
be equal to zero at every point within the conductor, so that 


Dyu+ Dy + Dw=0 [193] 
and q is a solenoidal vector. 
At every point within the conductor, 
u=—kD,V, v=—kD,V, w=— kD,V, 
so that 
D,(k-D,V) + D,(k-D,V)+ D,(k-D,V) = 0, [199] 
or k-V7V-- (Dk. DWV + Dik DV + Dk-D,V)=0. [200] 


If kis constant, V satisfies Laplace’s Equation, and in this spe- 
cial case, as we already know, none of the free electricity which 
gives rise to the potential function V is within the conductor. 

Given an analytic, scalar, positive point function k and a 
closed analytic surface S, it is easy to prove by the help of 
[149] that there cannot be two different functions, V; and V2, 
which (1) with their first derivatives are continuous within S 
and at every point in this region satisfy the equation 


D,(k-D,V) + D,(k-D,V)+ D,(k-D,V)= 90, 
(2) on the given portions S,; and S, of S have at each point 
equal values, and (3) on the rest of S have at every point 
equal normal derivatives. 
The differential equations of the current lines are 
iy SOUS 


U i) WwW 
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~ At a surface of separation between two conductors which 
carty a steady current the normal components of the current 
and the tangential components of the electrostatic force are 
continuous. If 6, and 6, are the angles which the resultant 
electrostatic forces /, and /, make with the normal on the 
two sides of such a surface at any point, 

-k.F, cos 0, = k,F, cos 6, and F, sin 6, = Fy sin 6, 
whence, by dividing the members of the first of these equations 
tan 6, _ tan 6, 

ewe 
an equation which shows how the current lines are refracted 
at the surface. At a surface of separation between copper 
and manganin where the ratio of the conductivities is about 30, 


6, = 27° 42' when 0, = 1°, and-0; = 69° 09" when @,— 5" 
If n, and n, represent normals drawn from any point of the 
surface of separation between two conductors which are carry- 


ing a steady current into the first and the second conductor 
respectively, 


by the corresponding members of the second, 


kyD,, V1 + kD, V = 0. [201] 


76. Method of finding Cases of Electrokinematic Equilib- 
rium. If w is a single-valued, generally continuous solution 
of Laplace’s Equation, dw + B, where A and B are constants, 
is another such function which has the same level surfaces 
as w. If an area be chosen on one of these surfaces, it is pos- 
sible to draw through every point of its perimeter a line, 
defined by the equations dx /_D,w = dy / D,w = dz / Dw, which 
shall cut orthogonally all the level surfaces of w which it 
meets. All these lines form a tubular surface such that the 
normal derivative of w at every point of it is zero. If Tisa 
portion of space bounded by such a tube and by portions, S’, S", 
of two of w’s level surfaces on which it has the values w’ and 
w"' respectively, w is identical with the potential function that 
would govern the flow within any homogeneous conductor of 
the form 7'if the surface S' and S" were kept at potential w' 
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and w", while the rest of the boundary was a surface of flow. 
Moreover, Aw + B, where A and B can be chosen at pleasure, 
must be the potential function within a homogeneous conduc- 
tor of the form 7, if the surface S' and S" were kept at poten- 
tials Aw'+ B, Aw''+ B respectively, the rest of the boundary 
being a surface of flow. By using different pairs of level sur- 
faces of w and tubes of different forms, it is possible with 
the help of this one function to study the laws of steady flow 
inside conductors of many different shapes and to obtain 
results some of which may happen to be practically inter- 


° ° CG 
esting. For instance, w =--+d, where cand @ are constants 
- 


and 7 the distance from a fixed origin O to the point (a, y, z), 
gives the value of the potential function inside a conductor 
bounded by two spherical surfaces of radii a and 6 having O 
as their common centre when these surfaces are kept respec- 


tively at potentials - +d and ; +d. In this case the whole 


amount, per unit of time, of positive electricity which enters 
the conductor through the surface 7 = a crosses every equi- 
potential spherical surface within the conductor and leaves it 
by the surface r= 6 is 4ack, where & is the specific conduc- 
tivity of the material out of which the conductor is made. 
The resistance of the conductor is, by definition, 


or eC 
a b ) loi 
Anck  4mkab’ 
a quantity independent of ¢ and d. 
It is evident that any conical surface the vertex of which is 
O will be in this case a surface of flow, and that the function 


—— + d governs the flow in any piece cut out of the spheri- 
r 


cal shell just considered by such a surface. It is easy to see 
that if w is the solid angle of the cone, the resistance of the 
; b — 
portion of the conductor cut out will be a 
kwab 


248 ELECTROKINEMATICS. 


: ; ive wal 
Again, the equation V = ¢ (2 — ) + d, where 7, and 7, are 

1 2 
the distances of the point (x, y, z) from the fixed points O, 
and O,, gives us the potential function inside an infinite 


f Raw) | 
conductor bounded in part by the surfaces ———=a and 


Tio 

*- : = 6, when the first is kept at potential ac +d, the 
1 2 
second at potential d¢+d. In this case the surface V=d 
is a plane bisecting at right angles the straight line O,0O,. 
Larger and smaller values of V than this give closed surfaces, 
each of which surrounds one of the points and leaves the 
other outside. For very large values of V, if ¢ is positive, 
the equipotential surfaces are very small, nearly spherical 
surfaces surrounding Q,. 

To find the amount of positive electricity which enters 
the conductor under consideration, per unit of time, through 
the surface V = ac + d, where ae shall be positive, we must 


integrate over this surface — kD,V or — ke | ?. (2) = ag Bs 4] 2 
1 2 


According to Green’s Theorem, the resulting integral is exactly 
the same as that taken over any other closed surface, large or 
small, which surrounds O, and leaves O, outside. Let us 
consider, then, a spherical surface of radius « < 0,0, whose 
centre is at O,. The required integral in this case is — 4 rk 
times the average value of D.V taken over the spherical 
surface ; or, since r, for all points on this surface is equal to «, 


4 neke E — average value of D, (+) | 
é 1\ %, 


If, now, « be made smaller and smaller, p,(*) always has 
2 


some finite value for every point on the surface of the sphere 
surrounding Q,, and the expression just given approaches the 
limiting form 4rke, Hence, 4 ke units of positive electricity 
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enter the given conductor through the surface V = ac +d in 
every second, whether this surface is large or small. The 
resistance of the conductor between the surfaces V = ac +d 
Ca 
Ark 

If a and 6} are made very large and equal, with opposite 
signs, the two surfaces through which electricity enters and 
leaves the conductor become very nearly coincident with 


and V = be + dis, by definition of the term, 


spherical surfaces of radius == drawn about O, and O, 
respectively. The resistance of the conductor in this case is 
aye Considerations of symmetry show that any plane which 
THE 
contains the line 0,0, is a surface of flow. If we cut the 
conductor in two by such a plane, we shall have an infinite 
conductor with two nearly hemispherical electrodes sunk in 
its plane surface. The resistance of this part of the whole 


conductor is = a quantity independent of the distance apart 
THE : 


of the electrodes. This is nearly the case of two poles of a 
battery sunk in the earth. 
Again, the expression 


V=clog+d, 
Up 


where 7, and 7, are the distances of a point P in space from 
any two parallel straight lines, 4 and B, is a solution of 
Laplace’s Equation which, with its derivatives, vanishes at 
an infinite distance from these lines and which is constant 
all over any one of a double system of circular cylindrical 
surfaces (Fig. 59), some of which surround one of the given 
lines and some the other. This function, then, when ¢ and d 
are properly determined, is the potential function within an 
infinite lamina, either thick or thin, when that lamina is per- 
forated perpendicularly to its plane by two circular cylindri- 
cal holes, the curved surfaces of which are kept at given 
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constant potentials. 2ake units of positive electricity per 
unit of time per unit of thickness of the lamina enter the con- 
ductor through one of the cylindrical surfaces, and the same 
amount leaves it by the other surface. The resistance of the 
lamina is then the difference between the values of the poten- 
tial function at the electrodes divided by 27ke times the 
thickness of the lamina. 

These examples will serve to show how we may discover an 
indefinite number of cases of kinematic equilibrium by assum- 
ing some function, in general finite and continuous, which 


Ty 


RSS 


satisfies Laplace’s Equation, and then taking as a conductor 
one inside which the given function is everywhere finite, and 
which is bounded by surfaces over each of which either the 
function is constant or its normal derivative zero. 

If we transform Equation 199 to orthogonal curvilinear 
coordinates defined by the scalar point functions wu, v, w, 
where w satisfies Laplace’s Equation, and assume V to be 
expressible as a function of w only, we shall obtain (see 
page 182) the equation D,?V+D,V-D,k/k=0. If the. 
specific conductivity of a body occupying the space 7 men- 
tioned at the beginning of the section were not constant but 
a given function of w, this equation would determine /, 
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77. Electromagnetism. Straight Currents. If a steady 
electric current be sent through a long straight wire, the space 
in the neighborhood of the current becomes a field of magnetic 
force. If the medium about the conductor is homogeneous, 
the direction of the field is such that a small magnetic needle 
freely suspended by its centre tends to set itself perpendicular 
to the wire and to the perpendicular dropped from the point 
of suspension upon the wire, so that “if a person be imagined 
aS Swimming in the current which flows from his feet to his 
head, and if he face the needle, the north pole will be turned 
towards his left hand.” The field is symmetrical about the 
wire and, according to the rule just given, its direction at any 
point is normal to the plane drawn through the point and the 
wire, so that the lines of force are circumferences forming 
right-handed whirls about the current. To investigate the 
law of the change of the intensity of the force with the dis- 
tance from the wire, we may imagine a rigid frame free to 
turn about the vertical wire as a hinge, and suppose a magnet 
to be rigidly attached to this frame. It will be found that 
in this case the frame will have no tendency to rotate under 
the action of the electromagnetic forces, so that the sum of 
the moments about the wire, of the forces which the field 
exerts upon the magnet, must be zero. If 7, and 7 are the 
distances of the poles from the wire, and if /’(7) is the inten- 
sity of the field at a distance rv from the wire, the equality of 
moments shows that, however the magnet be placed on the 


frame 
s 11: P(r) = 2: F(r2), 


or, in general, r-(r)=a constant, k. The value of k is 
found to be dependent upon the strength, C, of the current in 
the wire, and can be used to define this strength. We may 
write, therefore, F(r) = A-C/r, where A is a constant depend- 
ing upon the units in which C is measured. If we use the 
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absolute electromagnetic c.g.s. units, defined below, in deter- 
mining OC, it will presently appear that A is 2. 

If we take the plane of the paper for the xy plane, and 
imagine the wire which carries the current to cut the paper 
normally at the origin, then, if the current comes from below, 
the components of the field at the point (a, y) are 


X=—2C sin(a, r)/r and Y=2C cos(@, r) /r,. 
or X=— 2Cy/(e?>+y*%) and Y=2Ca/@’+y’). 


Here D,X = D,Y and the magnetic force is, in general, a 
lamellar vector, so that it has a potential function which, since 
the lines of force are closed, must be multiple-valued. This 
potential function is evidently 


+2C tan—!(y/x)+ constant, or + 2C'@ + constant, 


and it satisfies Laplace’s Equation. The plus or the minus 
sign is to be chosen according as we wish to use the derivative 
of the potential function taken in any direction, or its nega- 
tive, as a measure of the component of the field in that direc- 
tion. The line integral of the tangential component of the 
force taken around any curve in the wy plane which sur- 
rounds the origin is 47C, so that we infer from Stokes’s The- 
orem that at the origin the magnetic force is not lamellar. If 
a magnetic pole of strength m be moved 
around any closed path, the work done on 
it by the magnetic field will be 42mC if 
the path link right-handedly once with 
the wire, or zero if the path do not link 
with the circuit. These results are found 
to be independent of the inductivity of the 
homogeneous medium about the wire. 
Fic. 60. Since DY +.D)/Y =, the force in 
the medium about the wire is solenoidal, 
and the whole flux of force from within outward through any 
closed surface is zero. If two straight lines parallel to the 
wire are distant a and 6 centimetres from it respectively, 
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the flux of force (Fig. 60) through the unit length of any cylin- 
drical surface bounded by the lines is 2 C-log(6/a). Since 
we have assumed that a finite quantity of electricity is carried 
by a conductor of zero cross-section, it is not surprising that this 
useful analytic result becomes infinite if either a or d is zero. 


If two infinitely long straight wires parallel to the 2 axis 
carry equal steady currents of strength C in opposite directions, 


and if they cut the zy plane at the points A,, Ay, which have 
the codrdinates (a, 0), (— a, 0) respectively, the scalar potential 
function, Q, of the field has at the point (a, y, z) the value 


2 C-tan>* [yi (@e— @)] = 2 C-tan—"[y/(# + a)], 
or 2 C-tan—'[2 ay/(@? + y* — a’) |]. 


The conjugate function, , is + 2 C-log (7/72), where 7, and 
r, are the distances of the point (a, y, z) from A, and A, 
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respectively. The lines of force and the traces in the xy 
plane of the equipotential surfaces are shown in Fig. 61. 

DQ = — D,®, D,Q = D,®, and the derivative of O at any 
point in the wy plane taken in any direction in the plane is 
equal to the derivative of ® at the same point taken in a direc- 
tion in the plane at right angles to the first. If, then, a 
curve ¢ is the trace in the zy plane of a cylindrical surface S, 
the generating lines of which are parallel to the z axis, and if 
n represents a direction in the plane perpendicular to ¢, the 
line integral of D,Q taken along ¢ represents the flux of mag- 
netic force across S per unit of its height, perpendicular to the 
xy plane. This integral is equal to the line integral of the 
tangential derivative of ® along ¢ or to the difference between 
the values of ® at the ends of the curve. If this difference 
is nothing, the corresponding flux is nothing; if ® is constant 
all along ¢, this curve is a line of force. 

From the results just obtained, it is evident that if two 
straight lines parallel to the z axis cut the zy plane in the 
points B,, B, respectively, the flux of magnetic force through 
a cylindrical surface bounded by these lines, per unit of its 
length, parallel to the z axis, is 


2 C- log [(4,B,- 4,B2) / (A,B, - A,B) }. 


This represents the flux of force per unit of its height, through 
a circuit ss, consisting essentially of two infinitely long straight 
wires, parallel to the 2 axis, cutting the xy plane at B,, B, 
when the steady current C traverses the circuit s,, consisting 
essentially of the two wires already mentioned, which cut the 
ay plane at A, and A, Symmetry shows that this expression 
would also give the flux through s,, due to a steady current 
Cim 85. 


If an infinitely long cylindrical conductor, the generating 
lines of which are parallel to the z axis, and which is sur- 
rounded by a homogeneous medium, carry a steady current in 
the direction of its length, and if the current density at the 
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point (a!, y', 2’) be g', a function of w! and y' but not of z', the 
intensity of the magnetic field 7 within or without the con- 
ductor can be obtained by imagining the conductor made up 
of separate current filaments, each of which has a field like 
that about a fine straight wire, unaltered by the presence of 
the others. If Z, M, N are the intensities of the components 
of H parallel to the codrdinate axes, Z and M are functions 
of x and y while J is zero. 


Fe yee 2q'(y — y')dx'dy' m= f f2te ey 
=— », M= ; 
(2 — x/)P+ (y—y')? ZEEE aA Cher A 

where the double integrals extend over the section of the con- 
ductor made by the zy plane. If the whole amount of cur- 
rent in the conductor is C, and if w represents the distance 
of the point (#, y, z) from the axis of z, and ¢ the angle 
tan—*(y/a), wL and uM approach the limits — 2 C-sin ¢ and 
2 C-cos @ when u increases without limit. The line integral 
of the tangential component of the field, taken around any 
curve, which surrounds the conductor, is equal to the corre- 
sponding integral taken around a circle in the zy plane of 
infinite radius, with centre at the origin. The value of this 
last integral is obviously 477°C. Except for points in the 
mass of the conductor, the integrands of the expressions for 
L and M are continuous functions of x and y for all values of 
x' and y' within the limits of integration, and D,Z = D,M and 
D,L + D,M = 0. 

At all points in empty space near the conductor, therefore, the 
field is solenoidal and lamellar and there is a potential function 


£ ff 24’ tan-*[(y' — 9) /(a! — 2) ]da'dy', 


which satisfies Laplace’s Equation. 

In the special case where the conductor is in the form of a 
right circular cylinder (or of concentric shells bounded by 
cylindrical surfaces of revolution), and where the current den- 
sity is a function only of the distance from the z axis, which 
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coincides with the axis of the conductor, the field is evidently 
symmetrical, and the direction of the force at any point is 
perpendicular to the perpendicular to the axis drawn through 
the point. Everywhere in empty space in the vicinity of the 
conductor a potential function, Q, exists, and, since D,Q = 0, 
Laplace’s Equation degenerates into D,’?Q = 0, or Q = a@ + b. 
The work done by the field when a magnetic pole of strength 
m woves around a circumference, the axis of which is the z 
axis, is evidently equal to +42Cm, where C is the sum 
of the currents in all the current filaments which the path 
encloses. Since the line integral of D,Q taken around any 
such path in empty space in right-handed direction around 
the current is 27a, a is equal in absolute value to twice the 
whole current carried by so much of the conductor as les 
within the path. If the direction of the 2 axis is such that, 
if the eye is in the positive x axis looking at the origin, a 
counter-clockwise rotation of the positive axis of y through 
90° would make it coincide with the positive 2 axis, and if 
Q=—20C6+4, the force at any point not in the mass of the 
conductor, in any direction, is the derivative of 0 at that point 
taken in the direction in question, and the resultant force is 
—D,Q/ror2C/r. This is the same as if all the current 
nearer the z axis than the point in question were flowing 
through a fine wire coincident with the axis of z. If the 
infinitely long cylindrical conductor is a uniform tube, the 
axis of which is the 2 axis, Q2=a6+0 in the empty space 
within the tube, and, since (on account of symmetry) the 
resultant force a/r must vanish on the 2 axis, a is zero and 
the intensity of the field within the tube is everywhere zero. 
We may easily find the intensity of the electromagnetic 
force at any point P within an infinitely long, round con- 
ductor carrying, in the direction of its length, a steady cur- 
rent with intensity the same at all points equally distant 
from the axis of the conductor, if we imagine a cylindrical 
surface, S, of revolution coaxial with the conductor drawn 
through P. The magnetic force at P, due to so much of the 
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current as lies outside S, is nothing; the force due to so much 
of the current as lies within S is evidently the same as if this 
portion of the current were concentrated in the axis. If, there- 
fore, a straight conductor in the form of an infinitely long 
cylinder of revolution of radius a carries a steady current C in 
the direction of its length, and if the intensity (7) of the cur- 
rent is a function only of the distance (7) from the axis of the 
conductor, the intensity of the magnetic force (H) is 2C/r 


without the cylinder and =f xgdx within. The flux of 
fe 0 


induction per unit length of the cylinder across so much of 
any plane through the axis as lies within the conductor is 


Q=4 wf ue fxg dx. 
0 reo 


If g does not involve r, the current is uniformly distributed 
through the conductor, the strength of the field within the 
cylinder is 2Cr/a*, and Q is equal to »C. If the axis of the 
cylinder is the z axis, the force components at any inside point 
distant r from the axis are L = — 2Cy/a?, M= 2 Cx /a’, so 
that H is solenoidal, as it would’be if g were any analytic 
function of r. Since # is not lamellar within the conductor, 
it is at the outset clear that there can be no scalar poten- 
tial function © there; it is well to notice, however, that, if 
the derivative of a scalar function, Q, at any point in any 
direction were required to show the force at that point in the 
given direction, it would need to satisfy, within the conductor, 
the two incompatible conditions, 

DQ=0, (D0) /% =— 2Cr/a*. 
Since H is solenoidal even at inside points, we may ask 
whether its components are not the components of some vector, 
(, which may be regarded as a vector potential function of 
H, and it is clear that a vector of intensity — rqr?, directed at 
every point parallel to the z axis, satisfies all the conditions, 
as do many other vectors. The component, at any point 
within the conductor, in any direction, of the curl of the 
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vector (0, 0, — gr?) shows the component of the magnetic 
force H at the point in the given direction. The abscissas 
of Fig. 62 represent distances from the axis of the conductor, 


Cc 


(e) A 
Fic. 62. 


and the ordinates the corresponding values of the resultant 
magnetic force in the case just considered. 

If a uniformly distributed current C be brought up normally 
through the plane of the paper by an infinitely long cylinder 
of revolution and down through a similar cylinder parallel to 
the first, the lines of force without the cylinders are of the 
same shape as those shown in Fig. 61. The curve in Fig. 63 
shows the intensity of the field at points in a straight line 
which cuts the axes of the cylinders perpendicularly. 

If two infinitely long, coaxial, cylindrical surfaces of revo- 
lution carry symmetrically equal and opposite currents, each 


Fie. 63. 


of strength C, parallel to their common axis, the space between 
the surfaces is a field of electromagnetic force of strength 
2C/r, where r is the distance from the axis. There is no 
force within the inner surface or without the outer one. 
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In the case of a long, straight wire of radius a surrounded 
by a coaxial tube of radii 6 and c, and carrying uniformly 
distributed a steady current C which returns through the 
tube, the electromagnetic force is evidently zero on the axis 
of the wire and continuous at every distance rv from the axis. 
If w, and wz, are the intensities of the current in the wire 
and in the tube respectively, C= w,ra? = wen (c? — 6%), and 
if we apply the formulas just proved, we shall learn that 
the strengths of the fields within the wire, between the wire 
and the tube, in the body of the tube and without the tube, 
are given by the expressions 2 rwyr, 2 ra?w, /1, 2 rw, (c?—r?) /7, 
and 0. 


It is to be noted that the strength of the magnetic field due 
to a given electric current is, in the homogeneous medium 
which surrounds the current, wholly independent of the per- 
meability of this medium, whereas the field due to a given 
magnet would be inversely proportional to the inductivity. 
If the fields of a given circuit and a given magnet were the 
same in one homogeneous medium, they would not be the 
same in another homogeneous medium of different magnetic 
inductivity. The induction due to a current circuit in a homo- 
geneous medium filling all space is proportional to the induc- 
tivity, as is the energy in the medium. The induction due to 
magnetic matter surrounded by a homogeneous medium is 
independent of the inductivity of the medium. The action 
of a distribution of magnetic matter in an infinite homogene- 
ous medium on a circuit carrying a steady current is not 
altered by changing the inductivity of the medium. 


78. Closed Circuits. Experiment shows that if a steady 
current of strength C runs in a simple linear circuit of any 
form, there is a magnetic field in the neighborhood of the 
conductor and the lines of the field are all linked right- 
handedly with the circuit. If a unit magnetic pole be carried 
round any closed path which does not link with the circuit, 
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the work done by the field on the pole is zero, whatever the 

character of the medium near the circuit, so that a potential 

function exists in the so-called empty space about the wire. 

This potential must be multiple-valued, since the lines of force 

are closed. If the pole be carried round a closed path which 

links once with the circuit, the work done on the pole by the 
field is t42C, whether the medium 
intersected by the path is homogeneous 
or not. We infer, therefore, that no 
scalar potential function exists in the 
wire which carries the current. 

Fic. 64. It follows from the experiments of 

Ampére that the field of magnetic force, 

due to a steady current of C electromagnetic units flowing 

in a closed linear circuit in a homogeneous medium, is iden- 

tical with the field of magnetic induction due to a simple 

magnetic shell (Fig. 64) of strength C bounded by the circuit. 

This statement defines the electromagnetic unit of current. 

The magnetic force, due to a current of C electromagnetic 

units flowing in a closed linear circuit in a homogeneous 

medium of inductivity », is the same in magnitude and direc- 

tion at any point P as the force due 

to a simple magnetic shell of strength 

Cy bounded by the circuit. The shell 

may be of any form, provided that it 

does not pass through P and that its P 

positive side is such that the current Vee ae 

surrounds right-handedly the direc- 

tion of polarization. To make the 

potential function single-valued, we 

may cover the circuit by a cap or dia- Fie. 65. 

phragm, fix at pleasure the value 0, 

of the potential function at some one point O in the field, and 

define the value at any other point @Q to be the line integral of 

the magnetic force taken from O to Q along any path which 

does not cut the diaphragm. 
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At any point 7’ on the axis of a circular current of radius 
a, at a distance « from the plane of the circuit, the circuit 
subtends the solid angle 


w = 2a(1 — cos 6) = 2a (1 — 2 /Va? + 2), 


If the strength of the current in the circuit is C, the magnetic 
force at P is directed along the axis of the circuit (Fig. 65) 
and is numerically equal to the negative of the derivative with 
respect to x of Cw. The intensity of the force is, therefore, 


2na7C [(x*4-.a7)*/? 
and at the centre of the circuit, where x = 0, it is 27C/a. 
This result evidently agrees with the awkward statement 
sometimes used to define the electromagnetic unit of current. 


“ Tf one centimetre of a linear circuit 
which carries the unit current be bent 


into an are of one centimetre radius, P 
the strength of the field at the centre 
of the arc, due to this portion of ean x 


the circuit, will be one dyne.” The 
ampere, which is the practical unit 
of current intensity, is one-tenth of 
the unit just defined. 

If for convenience we denote the Fic. 66. 
quantity a/x by w and its recip- 
rocal by v, the potential function (Cw) just found may 
be written in either of the forms 27C$1— 1/V1+w or 
2 yA — v/V1 + vt, and, according as x is greater or less 
than a, we may use one or other of the developments 


+d Soe 1-3) LBD y a! 
200} iu — 4 z° re, Fs 6" : ’ 


1 ilies 
2nO\1— 04+ 5h Fae +. |. 


If, then, P;, P., Ps, --- represent zonal harmonics expressed in 
terms of cosa, and if w, and v, represent a/r and r/a, the 
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value of the potential function at a point distant r from the 
centre of the circuit, in a direction (Fig. 66) making an angle 
a with the x axis, is given according as 7 is greater or less than 
a by one or other of the developments 


1 17s 4-3-5 
BO) Py— St Pat eg ta Pye 
alt Thos 
QeO}1— oy Prt 508 Ps 5 got Pet ° |. 


If an infinitely long straight wire which carries a steady 
current, C, forms part of a plane closed circuit, all the other 
parts of which are at infinity, and if the plane of the circuit 
be used as the xz plane and the wire as the 2 axis, the solid 
angle subtended at the point (a, y, z) by the circuit is 
2(7 — 6), where tan@=y/x. The force components at the 
point are, then, the negatives of the derivatives with respect 
to x and y respectively of 2 C(a —6), that is, — 2 Cy /(x*+ y’) 
and + Ca /(a?+ y”), as we already know. 


79. The Law of Laplace. Mechanical Action on a Con- 
ductor which carries a Current in a Magnetic Field. It will 
be evident from the discussion on page 218 that the strength 
of the magnetic field, H, due to a steady current of C electro- 
magnetic units in a rigid linear circuit may also be computed, 
whatever the inductivity of the homogeneous surrounding 
medium, on the assumption that every element ds of the cir- 
cuit (Fig. 67) makes a contribution numerically equal to 


C-sin (7, ds) - ds /r?, 


to the force at a point P, where r is the distance of ds from P. 
The direction of the contribution is normal to the plane of P 
and ds, ahd such that a north magnetic pole at P tends to 
whirl right-handedly about a straight line drawn through ds 
in the direction of the current. For a simple illustration of 


ELECTROMAGNETISM. 263 


the use of this rule, which is sometimes called “ Laplace’s 
Law,” let P be a point at a distance ry from an infinitely 
long straight wire which carries a current ©, and let s be 
the distance of ds from the foot of the perpendicular dropped 
from P upon the wire. If the angle (7, ds) be denoted by @, 
s=T, ctn 0, ds =— ry esc? 6 dd, r=r7r, csc 8. All the elements 
of the current conspire to produce at P a magnetic force per- 
pendicular to the plane of P and the wire. The magnitude 
of this force is 


oa] ~ 0 
cf =F "sin ono = 7S, 
—« T Toda To 
as before. 


If a circuit is not plane, the different elements of the 
current will contribute to the magnetic force, at a point P. 
elementary forces which do not all 
have the same directions. In this 
case it is necessary to compute sepa- C 
rately the components L, M, N of H. 

If the coordinates of the beginning 
of ds are x1, y;, 2;, and those of the 
end x, + dx,, y; + dy, 2, + dz, while 
those of P are x, y, 2, the direction 
cosines of r and ds are (#, — 2)/7, 
(yi—y)/% (—2%)/7, and dx, /ds, 
dy, /ds, dz,/ds, and, if the direction 
cosines of dH, the contribution to the force at P made by the 
current element ds, are J, m,n, then, since this direction is 
perpendicular to 7 and to ds, 


l(a, —x) + my — y)+n(% — 2)=0, 
ldx, + mdy, + ndz, = 0, 


as 


P 
Fic. 67. 


P+m?+n?=1. 


If we represent. the expressions (y; — y) dz, — (2, — 2) dy, 
(#4 ca: 2) da, =e (a1 ae x) dz, (a rr 2) dy; 4m (y1 ae y) ax, by 3, (vie 
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8" respectively, and 8? + 8? + 6"? by 6, we learn from these 
equations that 7 = 8'/8, m = 8"/8, n= 08'"/6, 

cos (1, ds) = [ (a, — x) da, + (y, — y)dyi + (#1 — 2) dx] /rds, 
and sin(r, ds)= 8/rds. 

If, then, the components of dH are dL, dM, dN, we have 
the equations dL = Cd'/r*, dM = C8"/r*, dN = C8'"/7*, and 
from these, by integration over the circuit, the force at P may 
be computed. 

Since action and reaction are equal and opposite, a unit 
magnetic pole at P would exert upon the element ds of the 
conductor which carries the current a mechanical or “ pondero- 
motive” force the components of which would be — C8'/r%, 
— C8"/r°, — C8'"/r*. These components, written in terms of 
the components 


L=(@, — 2) /7, MH GH -— 9) [Pv Nn =a — 2/7; 

of the magnetic field at ds due to the pole at P, are 

CN,,.dy1 os. M,,dz;), C(L,,d%4 a N,@21), C(M,,dax, ite L,dY1), 
and, since so far as this force is concerned the origin of the 
magnetic field is immaterial, these expressions give the com- 
ponents of the mechanical force which act upon the element 
ds of a circuit carrying a steady current C in any magnetic 
field which at ds has the components Z,,, I,,, V,,- 

If the magnetic field at ds; — an element of a linear circuit 
s, which carries a steady current C; —is due to a steady current 
C, in another circuit s,, the element ds, of the second circuit 
at the point (x, y, 22) contributes to the magnetic field at ds, 
at the point (1, y,, #1) components numerically equal to 


C. 

3 [ (#1 — #2) dy, — (y1 — Yo) des], 

C. 

=F [(@% va} 2X2) dz» oe (41 r= 22) dx, |, [202] 


C ; 
as (mn = Y2) dx, a (a1 = Xo) dys |, 
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so that the « component of the mechanical force exerted upon 
the circuit element ds, by the circuit element ds, is 


CC, 


73 


dX, = §[(m — Yo) AX, — (XL — Xa) dy, | dy, 


—[ (#1 — %) dz, — (#1 — #2) dx] dz}, 
or C,C,-D,,(1/r) (da, - day + dy, - dy, + dz, - dz] 
— C,C,da_[D,, (1/7) dx, + D,,A/r) dy, + D,,A/r) dz], 
Soe: [cos (a, r)- cos (ds;, dsz) 
— cos (a, ds.) cos(7r, ds;)], [203] 


where r is the distance of ds, from ds. 

The x component, X,, of the whole mechanical force exerted 
upon the rigid circuit s, by the rigid circuit s, is to be found 
by integrating the expression just found over both circuits. 

The resulting integral will evidently not be changed if we 
add to the integrand any quantity which disappears when 
integrated about either circuit, and this fact makes it possi- 
ble to find many other expressions * for the mechanical force 
exerted upon an element of one circuit by an element of 
another, which will account mathematically for the observed 
forces between two rigid closed circuits. 

According to Ampére’s analysis, the resulting action between 
the two elements ds,, ds, is an attraction in the line joining 
them of intensity 


CO, C,dsidss 


a [2 cos (ds;, ds.) — 3 cos (1, ds;) - cos (r, dse)]. 


* For exhaustive treatments of this important subject the reader should 
consult Ampére, Gilbert’s Ann., 1821; Ampére, Mém. de lV’ Académie, 
1823, 1827; W. Weber, Ges. Werke; Grassmann, Pogg. Ann., 1845 ; 
F. E. Neumann, Abh. Berl. Akademie, 1845; Wiedemann, Lehre von der 
Elektricitiit ; Maxwell, Treatise on Electricity and Magnetism, §§ 502-527 ; 
Webster, Theory of Electricity and Magnetism, §§ 217-221. For conven- 
ience of reference I have followed Professor Webster’s order, and in part 
his notation in the brief treatment of the Electrodynamic Potential given 
in Section 80. See Problem 307, page 452. 
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On this assumption two elements in the same straight line 
repel each other with a force C,C,ds,ds, /r?, while two parallel 
elements perpendicular to the line which joins them attract 
each other with a force 2C,C,ds,ds,/r*. These expres- 
sions, like those which precede, hold good whether the ele- 
ments ds,, ds, belong to the same circuit or to two different 
circuits. 


If two infinitely long straight wires (s;, $2), parallel to each 
other at a distance a apart, carry in the same direction the 
steady currents C,;, C, respectively, the mechanical force 


exerted on s, by s, is evidently C,C, ii Sf (eos (x, 7) /r?} ds, - dss, 
1/2 


or (2 C,C,/a) sf ds,, so that every unit length of s, is attracted 


towards s, with a force of 2 C,C,/a dynes. 

If each of two closed circuits (s,, s.) which carry steady cur- 
rents, C,, C,, consists essentially of two infinitely long wires 
parallel to the z axis, if the currents come up through the zy 
plane in the two circuits at the points (0, a), (¢, 6) respectively, 
and go down at the points (0, — a), (c, — 6), the first circuit 
experiences a force tending to urge it in the direction of the 
x axis, and the intensity of this force per unit length of both 
wires of s, is 4¢C,C,$1/[(a — 6)?+ ¢7?]—1/[(a+6)?+e]}. 


It is evident from the discussion of the properties of mag- 
netic shells in air given on page 217 that the mechanical action 
on a rigid linear circuit carrying a steady current C in a 
magnetic field (caused either by permanent magnets or by other 
currents or by both) may be mathematically accounted for on 
the supposition that every element ds of the circuit is urged by 
a force equal to Cds times the component (F), perpendicular 
to ds, of the total magnetic induction. The direction D of 
this elementary force is perpendicular to the plane of C and F 
in the sense shown in Fig. 68. 
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The same assumption will account for the phenomena 
observed when a deformable circuit is placed in a magnetic 
field. 

According to this theory the component in any direction u 
of the force on the element ds is Cds- B- sin (B, ds) cos a, where 
ais the angle between w and the normal to 
the plane of B and ds, and this is numeri- 
cally equal to the volume of a parallelopiped, 
adjacent edges of which are represented in c 
magnitude and direction by Cds, B,and a unit 
length in the direction wu. This volume may 
also be represented by Cds-sin (u, ds) - B’, 
where B' is the component of the induction B, 
normal to the plane of w and ds, and this expression for the 
force component is occasionally useful. 

If (1, m, n) are the direction cosines of the element ds and 
if the components of the induction B are B,, B,, B., 


F 


Fic. 68. 


sin (B, ds) ={§(m-B,—n-B,)? + (n-B, —1-B,)? 
+ (1: B, — m- B,)?}4/§ B2 + B? + B2i} 


and the resultant electromagnetic force on the circuit element 
ds has the value 


C$ (m-B,—n-B,)?+(n-B, —1-B*+(1-B, — m- B,)3-ds. 


Tf ds is an element of a current filament of cross-section w ina 
massive conductor in which the current vector is q or (w, v, #), 
we have gu = C, ww = 1C, vw = mC, wo = nC, ang the electro- 
magnetic force may be written 


w§(v-B,—w- By +(w-B, —u-B,)? +(u- B, — y+ B,)*tt - ds. 


The components parallel to the coérdinate axes of the electro- 
magnetic force per unit volume of the conductor are, therefore, 
@-B, =e B,), (w-B, —w B,), 8B, —v-B,). 

If the element ds be moved parallel to itself through the 
distance du, the mechanical work done on it by the forces of 
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the field can be represented numerically by the volume of a 
parallelopiped, conterminous edges of which are Cds, B, and 
du; this volume is numerically equal to C times the number 
of lines of induction of the field cut by the element during the 
translation. If an observer be imagined to lie in the element 
in such a way that the current enters at his feet and goes out 
at his head, and if he faces in such a direction that he can 
look along the lines of force, the work done by the translation 
will be positive if these lines appear to pass him from left to 
right, that is, if the displacement is to his left. It is easy to 
see, moreover, that if the element ds be revolved about any 
axis through a small angle, the work done upon it may be 
represented by C' times the number of lines of induction cut 
by the element during the displacement ; we may infer, there- 
fore, that the electromagnetic work done by the field upon any 
portion s of a circuit during any displacement is measured by 
the product of the current strength and the number of lines 
of induction cut by s. The direction in which a rigid closed 
linear circuit carrying a steady current C in a magnetic field 
of any kind will tend to move may be inferred from the fact 
that the circuit will behave in this respect like the equivalent 
magnetic shell. 

It is easy to see from the discussion on page 216 that the 
mutual potential energy of an external field and the mag- 
netic shell mechanically equivalent to a given circuit, — that 
is, the mechanical work that must be done to bring the shell 
already formed into the field, —is equal to — CN, where NV 
is the whole number of lines (unit tubes) of induction of the 
field which the current surrounds right-handedly. The cir- 
cuit will tend to move, therefore, so as to make J as large as 
possible. If, for instance, a plane circuit of area A carries a 
steady current C in a uniform field of induction of intensity 
B, any motion of the circuit parallel to itself would not 
change the induction through it, and there is no tendency to 
any such motion; if the normal to the plane of the circuit 
makes an angle @ with the direction of the field, a couple, 
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of moment C.A-B-sin 6, acts on the circuit and tends to 
decrease 6. 


If into a magnetic field /, which has the components 
X, Yo, Z a linear circuit carrying a steady current. be intro- 
duced, and if the electromagnetic field due to the current alone is 
F,, or (X,, Yi, Z,), the whole field is (X) + 4, Yo+ Vi1,2%+4%), 
and the whole magnetic energy in the field is 


SS fusm +X)? + (Yo + Vi)? + (Zo + A)? dr, 
or JSS (Xo? + Yo? + 27) dr 
a ASS ip p(X? + Vy? + Z,?) dr 


tL SSS wor + YY, + ZZ) de. 
Tv 


The first integral is the magnetic energy of the original 
field, the second that of the field of the circuit alone, and the 
third the magnetic energy due to the introduction of the circuit 
when formed into the field. We may now show that this last 
term, which may be written 


1 ff fuko F,-00s (Fy F,) dr, 
Ti sAhs 


is equal to the product of the strength of the current and 
the flux of induction of the original field in the positive direc- 
tion through the circuit. Since all the equipotential surfaces 
of the field F, are bounded by the circuit, we may cap the 
circuit by a whole series* of such surfaces and write the 


* A. Gray, Treatise on Magnetism and Electricity, Vol. I, p. 293. 
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total induction through the circuit due to the outside field in 
the form 


M= f ifs p (1X + mY +n%) dS = if of pF. cos (Fy, Fy) dS, 


where the integration is to be taken over any one of these 
caps and where /, m, n are the direction cosines of the normal 
to the cap. 

If a unit magnetic pole were carried around any line of force 
s,; of the field /,, the work done on it would be 47 times 


the current C in the circuit, so that 47C = f F,-ds, If we 
multiply each side of this last equation by JZ, we have 


Cf [uk + mY, + nZ)as 


=Z ff ut -cos (Hy B)dS. { Fd. 


Since the caps are equipotential, /, ds, has the same value for 
all lines of force between any two caps, and since the induction 
pi, is solenoidal, the first integral factor of the second mem- 
ber has the same value for all the caps. We may find the 
value of the second member, therefore, by imagining space 
divided up into elements which are portions of tubes of force 
of the field /, bounded by equipotential surfaces of this field, 
multiplying the volume of each element by the value in it of 
ply: £,-cos (fy, #;), and finding the limit of the sum of all 
these quantities divided by 47. The value of the volume 
integral must be, however, independent of the shapes of the 
elements, and we have, in general, 


Cf fu@X +m¥ + nZ) as 


== ff fu. F-F,-008 (ey F;) dr. 
da J 
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The magnetic energy in the medium is often called the “elec- 
trokinetic energy.” That portion of the electrokinetic energy 
which is due to the introduction of the circuit already established 
into the given field is evidently the negative of the mutual poten- 
tial energy, corresponding to work done against mechanical 
forces, of the equivalent magnetic shell and the field. 


If a portion s of a circuit electrically connected through 
mercury cups with the rest of the circuit, which is fixed, be 
rotated and finally brought back to its original position, elec- 
tromagnetic work will be done on s if it cut lines of the field in 
positive direction during the motion, but the whole circuit may 
be represented by 
the same magnetic 
shell at the begin- a4 
ning and at: the end =e 
of the process, and 
the mutual poten- 
tial energy of the bp 
circuit and the 
field is unaltered by Fic. 69. 
the displacement. 

Under these circumstances, as will appear in the sequel, cur- 
rents are induced in s by the motion. 

If in the case of the circuit shown in Fig. 69 the conductor 
AB is free to slide on the rails DA, GB in such a way as to be 
always parallel to DG, it will move in the direction indicated 
by the detached arrow, the circuit will be made to embrace in 
the positive direction a greater number of lines of induction, 
and the electrokinetic energy will be increased. If the motion 
take place without external help, the necessary energy must be 
furnished at the expense of chemical action in the battery. 
Let £ be the electromotive force of the battery, r the resistance 
of the circuit at any instant, and C the current which then 
passes through it: the energy furnished by the chemical action 
in the battery during the time d¢ will be #C dt, and of this a 
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part, at least, C?dt, appears as heat in the conductors which 
make up the circuit. If 4B be held still, C will have such a 
value, Cy, that HO, = C,’r. If, however, 4B be moving toward 
the right, the current will be smaller than C,, #C will be 
a fraction of HC), 
C*r a smaller frac- 
tion of C)’r, and 
EC will, therefore, 
be greater than 
C*r. The difference 
(EC — C?r) dt now 
represents the work 
Fic. 70. done during the 
time dt in moving 
AB: a part of this work is used in overcoming friction on the 
rails, a part in communicating kinetic energy to AB, and a 
third part in increasing the energy of the medium. If for 
convenience we denote (HC — C?r)dt by C-dp, we shall have 
E — D,p = Cr, and the current is the same as if there were 
in the circuit an electromotive force D,p opposed to that of 
the battery. If an external force were applied to 4B tending 
to move it to the right, the velocity might be increased so much 
that the current would be reduced to zero 
or caused to flow in the opposite direction. 
If, however, 4B were forced to move to 
the left by external forces, the current in 
the circuit would become greater than Cy 
and would have the same direction as £. 
Fig. 70 illustrates a case where the 
resultant magnetic field is, as before, 
normal to the plane of the circuit, though Fie. 71. 
the field lines thread the circuit in the 
negative direction; in this case AB will tend to move toward 
the left. 
Fig. 71 represents Faraday’s metal disc, mounted on a 
metallic arbor and free to turn about a horizontal axis. At 
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any instant the current flows in the disc from the centre to 
the brush P and the conductor which carries the current is 
urged to turn in the direction indicated by the arrow. The 
energy in the medium is not increased by the motion of the 
disc, and the work done by the battery is spent in heating 
the conductors in the circuit, in overcoming friction and the 
resistance of the air, and in increasing the 
kinetic energy of the disc. If the field is 
uniform, if S is the area of one face of the 
disc, and if the media are of unit induc- 
tivity, the work done on the dise each turn 
is CHS, and if it is making » turns per 
second, we have HC = C*r+ CHSn. If 
the disc be used as a motor to overcome 
resistance of some kind, and if the energy 
required per turn is f(7), CHS = f(n), and 
from these two equations n and C may be 
found, if f be a known function. 

In the arrangement shown in Fig. 72 
a rigid wire free to turn about the axis of 
a fixed vertical magnet makes electrical 
contact. with the magnet at its middle. 
The current from a battery flows through 
a circuit made up of the wire, the mag- 
net, and a supplementary fixed conductor 
forming a prolongation of the axis of the 
magnet. In this case the wire will turn continuously in the 
direction indicated. It is easy to show that a fixed magnetic 
field cannot cause continued rotation of a complete rigid circuit 
about a fixed axis. 


Bie. 72. 


80. The Electrodynamic Potential. If while a linear cir- 
cuit, sz, which carries a steady current, C,, remains fixed, a 
neighboring linear circuit, s;, which carries a steady current, 
C,, is deformed or moved without being stretched, so that 
every element ds, is unchanged in length but the codrdinates 
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of the beginning of the element receive increments 6x,, 81/1, 5%, 
which are analytic functions of «4, y,, 2, the work done by the 
forces which s, exerts upon s, is approximately equal to 


S fx - 80, + AY, Sy, + dZ,- x), 
or to cad 


C02 f [Da (1/1) -8x + Dy (1/7), + D,, (1/7) 8a] 
1/2 
[da - dx, + dy,- dy, + dz,-dzq| 
~ O10, f {[Da(1/r)-de,+D,(1/r) dy +D,, (1/7) des] 
1e/%2 
[dag - da, + dys: dy; + dz, - 82; |. 
The first factor under the integral signs in the second 
integral of the last expression is equal to D, (1/7) - ds, and 
‘if we integrate the whole integrand by parts with respect to s,, 


we get 
[ (day : bax, =F Yo : by + dz, 5 821) /r] taken between limits 


= f (dat, - d8u, + dy, - d8y, + dzy- d8z,) /17, 
1 
where the expression in brackets, having the same value at 


both limits, can be omitted. The expression for the elemen- 
tary work done on s, during its displacement is, therefore, 


ACS f(D. (1 /r) -8, + D,, (1/7) -8y1 + D,, 1/7) - 821] 
le’2 
[day “3 dx, + dy, . dy + dz, 2 dz, | 
ASCH: afi (dat, « d8x, + dy, -d8y, + deg. d82,) /7, 
1e42 


and this is obviously equal to the variation of the integral 


C; Caf fe, C dx, + dy; D dy»: + dz, 5 dz) {7 
1 


ELECTROMAGNETISM. Ag 


caused by the elementary displacement. This last integral 
written in the form 


C0, af [00s (ds: +ds2) /1] day ds [204] 


gives what is often called F. E. Neumann’s Expression for 
the Electrodynamic Potential. The increase in the value of 
this function caused by any finite displacement of s, evidently 
represents the work done on s, by the field due to s, during 
the displacement: this work depends only upon the original 
and final configurations. The Electrodynamic Potential corre- 
sponds to that portion of the electrokinetic energy which is due 
to the mutual proximity of the circuits. Its negative is equal 
to what is sometimes called the mutual potential energy due to 
the mechanical forces acting between the circuits. It is impor- 
tant to notice that although the ponderomotive forces which 
urge a rigid circuit carrying a given current, C, in a magnetic 
field can be correctly found from the expression for the mutual 
potential energy of the field and a magnetic shell of strength 
C bounded by the circuit, this may be regarded from one 
point of view as merely a convenient mathematical device. If 
the shell were to move under the action of the field alone 
and acquire kinetic energy and overcome external resistance, 
this work would be done at the expense of the mutual poten- 
tial energy of the field and the shell. If, C being kept 
constant, the circuit were to move under the action of the 
field in exactly the same way, the work would be done at the 
expense of the generator which maintains the current. In 
other words, there is no sensible mutual potential energy of 
the field and the circuit, the exhaustion of which measures the 
work done by the forces of the field during any displacement 
of the circuit. 

The integrand in the expression given by Neumann can be 
increased at pleasure by any quantity which disappears when 
integrated around either s, or s,. Such a quantity is A- D,D,,7, 
or A[cos(r, ds,) -cos(r, ds.) — cos (ds,, ds,)]/r, where A is any 
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constant. The corresponding form of the Electrodynamic 
Potential is 


C10; if; J "sr cos(r, ds) -cos(x, ds,)} (1/7) ds, «ds, 
SOC Af f §(1 — A) - cos (dsy, ds,) - (1 /7)} ds, - dsy. 


A form sometimes convenient is obtained by putting A = 1. 


In the case of two vertical, coaxial, circular wire circuits 
of radii r,; and 7, at a distance a apart (Fig. 73), we may 


jae, WSs: 


denote by ¢, and ¢, the angles which radii, drawn from ds,, 
ds, respectively to the centres of their circuits, make with the 
vertical and put 7,=7, cos ¢), %=7,C0S¢., y, = 7, Sin d,, 
Y2=1T28N dy P= A? + 7? + 72? — 2ryrz-cos(P — $2). The 
expression 


B= CrCa ff (dar dry + dy,» dy, + dey -de,) |r 
le/2 


then becomes 
C; Csr “dg f Cos (f1 — $2) ddr ; 
0 0 Va? + 7? + 1,2? — 2 ryr2 COS ($i a $2) 


or Gi Corin f ss Vddz. 
0 
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That the definite integral @ is not a function of $, follows 
from the fact that the definite integral which represents its 
partial derivative with respect to $, is the limit of the sum 
of elements which destroy each other in pairs: we may there- 
fore give to ¢, in the expression for Q any convenient value 
(say zero) and write P = 27 O,C,ryr,Q. We may conveniently 
transform the integral which represents Q by putting 


206 = Cony 1 ee k? — Arr, /[a? + (r1 ta)" |, 


and get 
w/2 pal in? 
P=27kC C3 i ae 
— sin 


where K and £ are the complete elliptic integrals of the first 
and second kinds. The numerical values of these integrals 
for various values of & are to be found in “ A Short Table of 
Integrals” (Ginn & Company, Boston). It is to be noted that 
if in this analysis we imagine finite currents to be carried 
by conductors of zero cross-section, and 7, and rz to be equal, 
then, if a approaches zero, k approaches unity and P grows 
large without limit. The derivative of P with respect to a 
gives in general the mutual attraction of the two circuits. 

If the external field about a linear circuit s,, carrying a 
circuit C,, is due to a current C, in another linear circuit s2, 
we have two different expressions for the mutual potential 
energy of the magnetic shells which correspond to the two 
circuits. These are — CN, where XN is the number of lines 
of induction due to C, which thread s, positively, and the 
negative of the Electrodynamic Potential of the two circuits. 
When C, and C, are both unity the Electrodynamic Potential 
measures the magnetic induction through either circuit when 
the unit current traverses the other. 

The number of lines of magnetic induction which thread 
either of two simple linear circuits, made of non-magnetic 
material and removed from the neighborhood of other currents 
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and permanent magnets, when the unit current passes through 
the other circuit, is called the coefficient of mutual induction 
or the mutual inductance of the two circuits. ‘The numerical 
value of this coefficient depends upon the character of the 
media in the neighborhood of the circuit. 

If two exactly similar linear circuits, s, and s,, carrying 
steady currents of unit intensity, lie side by side, and if one of 
them (s,) be imagined to move up towards coincidence with 
the other, the value of the integral which represents the Elec- 
trodynamic Potential approaches the form 


L =f{fo (ds,, ds) ds, - dss 
1/1 r 


where the integration is to be extended twice over the same 
circuit. If the circuits are supposed to be mere geometrical 
lines, the value of this integral will be in general infinite ; 
if, however, s, and s, are made of wires of small but definite 
cross-sections, the finite limit, as s, is moved into close contact 
with s,, of the flux of magnetic induction caused by the unit 
current in s, through a diaphragm bounded by s; is practically 
the flux through the diaphragm due to the unit current in s,. 

The number of lines (unit tubes) of magnetic induction 
which thread a simple fine wire circuit made of non-magnetic 
material, which carries a steady current of unit strength when 
there are no other currents and no permanent magnets in 
its neighborhood, is very nearly equal to what is called the 
coefficient of self-induction or the self-inductance of the simple 
circuit, under the circumstances. The numerical value of this 
coefficient, which we shall soon be able to define more accu- 
rately, depends very much upon the nature of the media about 
the circuit. 


81. Coefficients of Induction. If two fine wire closed cir- 
cuits of non-magnetic material, exactly alike in size and shape, 
and carrying in the same direction steady currents of intensity 
C' and C'’ respectively, are placed as nearly as possible in 
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coincidence, the coefficient of mutual induction of the two is 
practically the same as the coefficient of self-induction (Z) of 
either, and the work required to separate the two circuits to 
an infinite distance from each other is C'C"ZL. If, then, a 
fine wire closed circuit which carries a steady current C be 
supposed made up of infinitely slender closed circuit filaments 
lying freely in contact, it is easy to get an expression for the 
work that must be done in removing these filaments one after 
another out of the field. If at some stage in the process the 
remaining filaments carry altogether the current C — C", the 
work required to remove another filament carrying the cur- 
rent dC" would be (C — C")dC". L, and this integrated with 
respect to C" between 0 and C yields 4 CZ, which is an 
expression for the intrinsic energy of the original collection of 
filaments. Again, if a current C be set up and kept steady 
in any closed circuit in a medium of any kind which contains 
no permanent magnets and no other currents, the medium 
becomes polarized by induction and is a field of force. The 
electrokinetic energy is equal to the volume integral taken 
over all space of »C?R?/87, where & is the intensity of the 
field due to a unit current in the conductor. It is easy to see 
that this reduces in the case of a linear circuit to 4 C? times 
what we have called the coefficient of self-induction of the 
circuit, and we are led to define the coefficient of self-induction 
of a circuit, made up of conductors of any form surrounded by 
media the susceptibilities of which are independent at every 
point of the intensity of the force at the point, as twice the 
energy in the magnetic field when the circuit carries a current 
of one electromagnetic unit and there are no other currents 
and no permanent magnets in the neighborhood. 

If, for instance, a uniformly distributed current C be carried 
lengthwise in a homogeneous, infinitely long cylinder of revolu- 
tion, of radius a, and be brought back in a thin cylindrical shell 
of inside radius } and outside radius ¢, coaxial with the cylin- 
der, there is no field without the shell; the intensity of the 
field is 2 Cr /a? within the cylinder, 2 C/r between the cylinder 
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and the shell, and 2 C(c? — r*) /r (c? — 6?) in the shell itself. 

Neglecting the space occupied by the thin shell, which would 

contribute little to the result, the whole energy in the field per 
‘unit length of the cylinder is — 


2 a b 
a | 2 artde + 4 OF) Qa /r-dr. 
us 0 us a 


If the medium between the shell and the cylinder has the 
uniform inductivity p., this energy is $m,C? + p,C? log b/a. 
The coefficient of self-induction of the circuit per unit length 
is, therefore, when the shell is thin, $4, + 2 p, log b/a. 

The coefficient of self-induction, in electromagnetic absolute 
c.g.s. units, of a circular ring of circumference /, made of non- 
magnetic wire of radius 7 and surrounded by air, 1s, according 
to Kirchhoff, 2 7 [log (2/7) — 1.508], and that of a square circuit 
of perimeter /, made of similar wire, 2/[log(//r) — 1.910]. 
Regarding the coefficient of self-induction from the point of 
view of the energy in the field, it is possible to prove that the 
coefficient of a part of a circuit consisting of a straight wire of 
length J and radius r is approximately 2 /[log (21 /r) +4 —1], 
where » is the magnetic permeability of the wire. For addi- 
tional examples, the reader is referred to Winkelmann’s Hand- 
buch der Physik, Vol. III, Maxwell’s Treatise on Electricity 
and Magnetism, Vol. II, and to Gray’s Absolute Measurements 
in Electricity and Magnetism, Vol. II. 

If X;, Y;, Z, are the components of the electromagnetic field 
which a unit current flowing in a given circuit s, of self-induc- 
tance L, would cause if the surrounding space contained no 
other currents and no permanent magnets, and if this space is 
already the seat of a magnetic field Y, Y, Z, caused either by 
currents or by permanent magnets, or by both, then if a steady 
current C, be set up and maintained in s,, the electrokinetic 
energy is 


SS Sus t X44 (GY + Y)2+(C,Z, + Z)2 dr. 
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The integrand can be split up into three terms, 
wC?LX,? + Ve + Z;"), pl X? + y2 + 2"), 
and 2 Cy [XX + We, Yo 2,2), 


and the corresponding integrals represent respectively 4 C;7Z,, 
the energy of the original field, and that part of the electro- 
kinetic energy due to the introduction of the current into the 
field. If the external field is due to a steady current C, in 
a second circuit s, of self-inductance Z,, the second integral is 
4 C,7L,, and if the third be written C,C,M, the whole energy 
becomes 4 C?L,+ MC,C,+4C,?L,. The quantity M, which 
in the case where s, and s, are linear is the coefficient of mutual 
induction of the two circuits, serves to define this coefficient 
in the case of circuits which are not linear, surrounded by 
media which have susceptibilities independent of the strength 
of the field. 

If » circuits which have self-inductances L,, L,, Z,,--- and 
carry currents Ci, C,, C;,--- exist together in a soft medium, 
and if the mutual inductance of the pth and Ath circuits is M,,, 
the electrokinetic energy 7 is equal to 


$(L,C? + L,0/? + £0? + --- + £,C,”) 
Se M,C, C, + M,C, C; ao eoeyite M,,,CC,, + Mo3C,C3+-- ep 


where the values of the inductances depend upon the configura- 
tion of the system. If this configuration is determined by 
a number of generalized coordinates 9), %, qs,--+, the electro- 
dynamic force, in the Lagrangian sense, which tends to increase 
any one of these coordinates (leaving the rest unchanged) is 
the partial derivative of 7 with respect to this codrdinate. 
If every circuit is rigid, the Z’s are constant during any change 
of configuration. 


82. Maxwell’s Current Equations. Various Current Sys- 
tems. We may infer from experiment that if a unit magnetic 
pole be moved about a simple closed path in any steady electro- 
magnetic field, whether the medium in which the part lies is 
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homogeneous or not, the work done on it by the field is equal 
to 4 C, where C is the whole current which passes in positive 
direction through any surface or diaphragm which caps the 
path. If u, v, w are the components of the current intensity, 
the flux through the cap may be written in the form 


Sf flu -cos (x, n) + v-cos(y, n) + w-cos (z, n) J dS, 


and if Z, M, N are the components of the magnetic force 
H, the line integral of H taken around the path is equal, 
according to Stokes’s Theorem, to 


4p 1p [(D,N — D,M) - cos (a, n) + (DL — D,N) «cos (y, n) 
+ (D,M — D,L) - cos (2, n) a8. 
It follows that the integral 


i [(4ru — D,N + D,M) cos (2, n) 

+ (4 rv — DL + D,N) cos (y, 7) 

+ (42w — D,M + D,L) cos (2, n)]|dS 
must vanish whatever the shape of the cap and, therefore, 
that at every point 

4 wu = D,N — D_M, 
4nrv = D,L — D,N, 
4 nw = D,M — D,L. [205] 


These are Maxwell’s Current Equations, which can be stated 
in the single vector equation 


4 nq = curl of #. 


This has been called by Heaviside “the first circuital equa- 
tion” of the electromagnetic field. It states that 47 times 
the resolved part of the current intensity at any point within 
a conductor, in any direction, is equal to the resolved part in 
the given direction of the curl of the magnetic force. The 
equation holds even in a non-homogeneous medium, 
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Maxwell’s Equations, with the characteristic volume and 
boundary differential equations which the magnetic induction, 
as we have seen, must always satisfy, completely determine a 
steady magnetic field in given media, when the current q is 
known. 

In any homogeneous soft medium the toner force H is 
solenoidal, and we may infer from the work of Section 69 
that it has a vector potential function Q equal to Potg. We 
have, therefore, H = curl Q, 4rq = curl H, and, if the compo- 
nents of H and Q are L, M, N and Q,, Q,, Q, respectively, 


SS eff Sf anf fae 


L=D,Q.— Dy M=D:Q,— D905 N= D,Q, — Dy Qe: 


When in a steady field H is known, Maxwell’s Equations, 
or their equivalent, give the current vector q¢ directly. If, for 
example, the magnetic force is zero ees without an 
infinitely long cylindrical surface 
S of any shape, while within Sthe « ———— K’ 
field has the uniform strength J, o ARig. 74! 
and is directed parallel to the gen- 
erating lines of the surface, g is zero within and without S. 
To show that S itself is a current surface, let AK’ be a por- 
tion of a generating line drawn in the direction of the field 
within, and let 4B and CD be lines each of length / parallel 
and close to AA’, one within and the other without S, drawn 
so that AC and BD are normal to the surface. The line inte- 
gral of the magnetic force taken around the perimeter of 
the rectangle ACDB is numerically equal to ZN, so that, by 
Stokes’s Theorem, the surface integral of the normal upward 
component of the curl taken over the area of the rectangle is 
LN, and this is equal to 47 times the steady flow of electricity 
through the rectangle. There is, therefore, a uniform flow of 
electricity in S perpendicular to its generating lines equal to 
N/47 per unit length of the surface, 
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This is practically the case of an electromagnetic solenoid, 
that: is, an infinitely long cylindrical surface wound uniformly 
(and as nearly perpendicularly to the axis of the cylinder as 
possible) with turns of fine wire. If there are 7 turns on each 
centimetre of length of the cylinder (Fig. 75) and if each 
turn carries a steady current C, N/427 = nC, or N=4 nC. 

This result is independent of the magnetic inductivity of 
the homogeneous soft medium within the cylinder. The 
induction in the medium is 47nuC, and the intensity of its 
polarization (magnetization) is 4ankC or nC(w—1). The 
coefficient of self-induction per unit length of the solenoid 
is 4n%.A, where A is the area of the cross-section of the 
cylinder. 

If a part of the space within the solenoid be taken up with 
a homogeneous soft medium of permeability »,, and the rest 
by an infinitely long 
ity ——> cylinder of another 

Fic. 75. homogeneous soft 

medium of permea- 

bility p., the lines of which are parallel to those of the sur- 

face upon which the wire is wound, the lines of force are 

unchanged in form, the induction in the first medium is 4 rmp,C 

and in the other 47np.C. If A, and A, represent the portions 

of the cross-section A of the solenoid occupied by the two 

media, the self-inductance of the solenoid per unit length is 
4 mn? (141A, + pe). 


The coefficient of mutual induction of two infinitely long 
solenoids S,, S,, one of which has n, turns and the other n, 
turns per unit of its length, is zero, unless one, say S,, is within 
the other. In this case the coefficient has the value 4 1n4n,A, 
per unit length of the two, where A, is the area of the cross- 
section of 4. 


If two infinitely long, cylindrical surfaces, whatever their 
shapes may be, have parallel generating lines, and if one of 
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these surfaces is within the other, the space between the 
surfaces will be a uniform field of magnetic force of strength 
NV, directed parallel to the generating lines, and the regions 
without the outer surface and within the inner one will be 
fields of no force, if a uniform current of strength N/47 per 
unit length flows in each surface perpendicular to the gen- 
erating lines and if the directions of flow around the two 
surfaces are opposed. 


If the two infinite parallel planes «=a, x=b carry uniform 
currents parallel to the y axis, of strength N/4z per unit 
width of the planes parallel to the z axis, and if the directions 
of the two currents are opposite, the region between the planes 
is a uniform field of force of strength N parallel to the z axis. 
There is no force without the space included between the 
planes. The current in each plane evidently gives rise to a 
uniform field of intensity 4 V on both sides of the plane. 


If a ring surface be formed by revolving about the z axis 
an area in the xz plane, and if electricity be supposed to flow 
symmetrically on the surface, in closed paths which lie in 
planes through the 2 axis, and coincide with perimeters of 
cross-sections of the ring formed by such planes, the field has 
the same intensity at all points of any one of the family (/) 
of circumferences, the centres of which le in the z axis and 
have that line for their common axis. If, using columnar 
coordinates (7, 6, z), we denote the force components at any 
point, taken in the directions in which these coordinates increase 
most rapidly, by &, ©, Z, these components ‘are independent 
of 6. Since the amount of work which would be done on a 
magnetic pole if it were carried around any closed path with- 
out the surface, — whether or not it linked with the surface, — 
or around any evanescible path wholly within the surface, 
would be zero, we are led to guess that the field outside the 
ring is everywhere zero, and that the lines of force within the 
ring are circumferences of the f family. If a unit magnetic 
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pole were carried about one of these circumferences of radius 7, 
the work done on it would be + 2 77@, and this is equal in abso- 
lute value to 4H, where / is the whole amount of electricity 
which flows about the ring per second. We learn, therefore, 
that © = 2H/r. We may now prove that if there is no field 
without the ring surface, and if the only component 

——s within is ® = 2 H/r, the currents which give rise to 
\ ' the field must be those assumed above. The com- 
\# ponents of the field within the ring, taken parallel 


\ ; to rectangular axes, are — 2 Hy /r?, 2 Hx /r?, 0, so 
My that the force is lamellar. within and without the 


surface of the ring. To find what currents flow in 
the surface itself, we may use a circumference s of 
radius 7, in which a plane perpendicular to the z axis inter- 
sects the surface, draw two arcs parallel and very close to s, 
one on either side, so that one is within the surface and the 
other without it, and complete a narrow closed contour by 
drawing two radii (Fig. 76) which make with each other 
any convenient angle ¢. Only 
one side of the contour yields any 
contribution to the lne integral 
(2 £¢), taken about it, of the tan- 
gential component of the force. 
This integral measures the work 
done on a unit magnetic pole car- 
ried around the contour, and is 
equal to 47 times the strength of 
the current across the portion of s, 
of length 7¢, which the contour 
encloses. If the whole flux across 
s is /, the flux across this arc is ¢//27, and we have the 
equation, 2d =47ro6P/27, or F= EL. 

The case here considered is approximately that of a ring of 
revolution wound uniformly with fine wire (Fig. 77) in turns 
which lie nearly in radial planes through the axis of the ring. 
If there are m turns on the ring, and if each turn carries the 
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steady current C, #=nC, and the force within the ring is 
2nC/r, whatever the inductivity of the homogeneous soft 
medium within the ring. The induction in the medium is 
2pnC/r, and the intensity of its magnetization is 2 knC /r. 
It is to be noted that the reasoning here employed might be 
applied unchanged if the inductivity of the medium were a 
function of 7 and z, but not a function of 6; this would be the 
case, for instance, if into air space within the ring were intro- 
duced a soft iron ring coaxial with this space. 

A slender magnetic filament within the ring surface, of 
length / and cross-section S, carries 24HS/r, or 42nC / (l/pS) 
lines of induction. The line integral of the magnetic force 
taken along a magnetic filament in 
a soft medium is sometimes called 
the magnetomotive force in it, and 
the ratio of this quantity to the 
flow of induction in it the reluc- | 
tance of the filament. In the case | 
before us 477C is the magneto- 
motive force, and //pS the reluc- 
tance. This last expression bears 
a close resemblance to the formula 
for the electric resistance of a wire 
of length /, cross-section S, and 
specific conductivity ». The reciprocal of the reluctance of a 
magnetic filament in a soft medium is sometimes called its 


Fic. 78. 


permeance. 

If wire were wound part way around a soft iron ring, in the 
manner described above, most of the lines of induction would 
still be confined to the iron, though a few would emerge into 
the air at the ends of the coil. 

If a radial gap be cut in a soft iron ring completely wound 
with wire, the field is no longer symmetrical about the axis of 
z, and the character of the problem is changed. The line 
integral of the tangential force taken around a circumference 
inside the ring, of radius r (Fig. 78), with centre on the z axis 
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and plane perpendicular to that axis, is still 47H or 4anC, 
but the portion of the path in air now contributes far more 
than its due proportion to the result, and the path in the iron 
much less than before. We know that at any surface of discon- 
tinuity in the inductivity of a soft medium the normal com- 
ponent of the induction is continuous, so that if the normal 
component of the force in the iron, just where the path is about 
to emerge into the gap, is H, that in the air near by is pH, where 
pis the inductivity of the iron. Although the lines of force 
within the iron are no longer exactly circular, they are nearly 
so, and the line integral of the force about the circumference 
just mentioned is very approximately Hr (2m — ¢) + p»Hr4q, or 
4AanC; and H=2nC/Sr[1+ $¢(u—1)/27]i, where ¢ is the 
angle subtended by the gap at the axis of the rmg. If, in the 
case of the core used, » = 1201, and if only one per cent of 
the ring be cut away, the induction in the iron will be reduced 
to about one-thirteenth of its old value; the reluctance of the 
path will be increased thirteenfold. 


If the lines of force in a steady electromagnetic field are all 
circles with centres on the z axis and planes perpendicular to 
this axis, and if the intensity of the force in a direction linked 
right-handedly with the z axis is f Vx? + y” or f(7r), it is evi- 
dent that L = — y-f(r)/r, M=a-f(r)/r, N=0,s0 that u=0, 
v=0, 4rw = D,M— D,L= f'(r) + f(r)/r = D,[r- f(r) /7- 
According to this, if in any portion of the field f(r) = 0, in 
that portion w is 0; if f(r)=c, w=e/4ar; if f(r)=c/7, 
w=0; and if f(r)=cr, w=c/2n. If, on the other hand, 
while w and v are zero, w is given as a function of r, f(r) 


can be obtained from the equation f (j= rwdr; when, 


therefore, w is equal to the constant w), f(r) = 2rwor + d/r. 
If the cylindrical surface r=6 separates two regions in a field 
of this kind where the laws of force intensity f,(r), fo(r) 
in the inner and outer of these regions are different, and if 
J2 (6) — f: (®) = &, it is easy to see, with the help of Stokes’s 
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Theorem, that the surface r = 6 is itself a current surface in 
which there is a total flux parallel to the z axis across any 
right section of 4 kd. 


Up to this time we have considered only media which have 
inductivities independent of the magnetizing force. The per- 
meabilities of the so-called magnetic metals do not in general 
satisfy this condition, and we may note in passing that some 


of our definitions have to 

be restated when there are meni wo 
masses of such media near ater ey nee Be 
ERE RMA 


a circuit. 

If fine wire, carrying a 
steady current, be wound 
uniformly upon a cylin- 
drical rod of soft iron, 
the length of which is at 
least 400 times its diam- 
eter, the induction at the 
middle of the rod is sen- 
sibly the same as if the 
rod were infinitely long, 
and if this induction be 
measured (in a manner M 
to be described in a later 
section), the permeability of the iron may be determined. 
Curves D, HL, F of Fig. 79, in which the abscissas represent 
the magnetizing force H in units, and the ordinates the corre- 
sponding induction B = pH in thousands of units, show the 
results of experiments upon specimens of very soft malleable 
iron, soft cast iron, and very hard steel, respectively. It is 
evident that so far from being constant, the permeability and 
the susceptibility of each of these specimens increase to a 
maximum at a value of H corresponding to a point where a 
tangent from the origin touches the curve, and then decrease. 
In the case of the curve D, for instance, the permeability, corre 
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spouding to a value OM of the magnetizing force, is MP / OM, 
that is, the slope of the straight line OP joining the origin with 
the point on the curve which has OM for its abscissa. 

When the conductors which make up a simple linear circuit 
which carries a steady current C, and the soft media about 
it, have inductivities independent of the magnetizing force, 
and there are no other currents and no permanent magnets in 
the field, the coefficient of self-induction of the circuit may 
be defined indifferently as the ratio of the total induction 
through the circuit to C or as twice the ratio of the integral of 
pH? /8 7, taken over the field of the current, to C®. In this 
case the magnetizing curves of all the substances in the field 
are straight lines, and these definitions lead to the same value 
whatever C is. If the magnetizing curve of 
any medium in the field were, like that of soft 
iron, not straight, the definitions would not 
agree, and each would yield different values 
for different values of C. 

Mechanically soft iron or steel cannot be 
regarded as magnetically soft, for if a piece 
of either of these metals be magnetized by 

Fic. 80. induction, this magnetization does not wholly 
disappear when the magnetizing force is 

removed. If the magnetizing force be made to change contin- 
uously from a given negative value to an equal positive value 
and back several times, the induction goes through a cycle 
which may be represented graphically by a curve somewhat 
like that shown in Fig. 80, in which the abscissas represent 
magnetizing forces, and the ordinates the corresponding values 
of the induction. Such diagrams make plain the fact that 
the induction in a piece of soft iron or steel is not a definite 
function of the magnetizing force, and that the energy in the 
medium, as defined by the volume integral of 1/87 times 
the product of the numerical values of the induction and the 
magnetizing force, may have, for the same force, very different 
values, depending on the previous history of the metal. When 


F 
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the induction has passed through such a cycle as that indicated 
in Fig. 80, the energy in the field returns to its old value, 
but it is easy to prove that an amount of work represented 
by 1/47 times the area of the cycle per unit volume of the 
substance had to be done on the metal during the cycle, and 
that this appeared as heat. The reader will find the subject 
which has been just touched upon here admirably treated 
under the head of “ Hysteresis” in Ewing’s Magnetic Induction 
in Iron and Other Metals, and in Fleming’s The Alternate 
Current Transformer. 


IV. CURRENT INDUCTION. 


83. Electromagnetic Induction. If one of two circuits 
(S,, S.), SO situated that their coefficient of mutual induction 
is not zero, contains a galvanic cell and a key, and the other 
(s.), which is permanently closed, a galvanoscope, a momen- 
tary current appears in s, when the key is depressed so that 
a current circulates in s,; and another momentary current, 
opposed in direction to the first, runs 
through s, when the key is opened again. 
A current in either s, or s, gives rise to a 
magnetic field and causes lines of magnetic 
induction to thread s,: the direction of the 
transient current in s, in each of the cases 
mentioned is such that the lines which 
it threads through s, oppose the sudden 
change in the flux of induction through s, 
which the change in the current in s, tends Sale 
tocause. Thus, if the relative position of 
the two circuits and the direction of the current in s, are 
correctly indicated in Fig. 81, the transient induced current in 
s, will flow from B to A when the key is depressed and from 
A to B when the key is again opened. In general, if a rigid, 
closed circuit s is in a magnetic field caused either by perma- 
nent magnets or by electric currents in neighboring circuits, 


292 CURRENT INDUCTION. 


or by both together, and if the positive flux Q of magnetic 
induction through any cap or diaphragm bounded by s be 
changed in amount, either by moving s or by changing the 
field in any way, a temporary current is induced in s in a 
direction which tends to oppose the change in @. The phe- 
nomenon is quantitatively explained, when s is unchanged in 
form, by assuming that, superposed upon such electromotive 
forces as the circuit may already contain, a temporary electro- 
motive force numerically equal to the time rate of change of 
Q is induced in s in the proper direction. 
Transient currents are usually induced also in any circuit in 
a magnetic field when the circuit is deformed or extended in 
any way. These currents, like those already considered, are 
mathematically accounted for on the supposition that there is 
M induced in every cireuit element ds, which 
moves in a magnetic field so as to cut across 
the lines of induction during the motion, an 
electromotive force numerically equal to the 
time rate at which the element cuts these lines. 
Fic. 82. This electromotive force is directed from the 
feet to the head of an observer who, lying 
in the element and looking along the lines of force, sees these 
lines move past him from .right to left. The induced cur- 
rent at any instant in either direction around the circuit is 
equal to the ratio of the algebraic sum of the electromotive 
forces induced at that instant, in that direction, to the whole 
resistance of the circuit. If in Fig. 82 OC represents the 


direction of a circuit element at the point O, OM the direction © 


in which the element is moved, and OF the direction of the 
whole field at O, the induced electromotive force will have the 
direction OC, not CO. The direction of the current, induced 
by the motion, in the direction OW, of a circuit element at O 
in a magnetic field which has there the direction OF, may be 
found by choosing that direction, OC, in the element which will 
cause the three directions OC, OM, OF to be related like those 
of the x, y, z axes of a Cartesian system. It is to be noticed 
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that the direction of the current induced in an element is 
such that the mechanical action of the field upon the element 
carrying this current alone would hinder the motion; a circuit 
element carrying a current in the direction OC in a field 
having the direction OF in Fig. 83 would be urged in a 
direction ON perpendicular to the plane of FOC and would 
move in the direction MO, if free to do so, rather than in 
the direction OM. The reader will do well to compare, in 
this connection, Figs. 68 and 82. 


If (a, b, ¢), (a, B, y) are the components of two vectors, / 
and A, the vector which has the components (c8 — by, ay — ca, 
ba — a8) is sometimes called their vector product and the 
quantity — (aa + 68+ cy) their scalar product. The vector 
product of 7 and X has a direction perpendicular 
to the plane of these vectors: its tensor is the 
product of their tensors and the sine of the 
angle between their directions. The electro- 
motive force induced in or impressed upon an 
element ds of a linear conductor moving in a 
magnetic field is evidently equal to the product 
of ds and the component in its direction of the vector product 
of the induction and the velocity of the element. 

If (B, B, B,) are the components of the induction, 
(é, 7, © those of the velocity of the element relative to the 
field, and if the induction does not change with the time, 
the absolute value of the electromotive force induced in the 
element is 


Fie. 83. 


((B.-1 — B,- 0) cos (a, s)+ (B,-¢ — B,- €) cos (y, s) 

+ (B,-& — B,-y)cos(#, s)]ds. [206] 
The whole electromotive force induced in the conductor is the 
integral of this expression: if the conductor is not closed 


this electromotive force gives rise to a statical distribution 
of electricity on the ends of the conductor, and hence to a 
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difference of electrostatic potential which tends to destroy 
itself by causing a current in the conductor in the direction 
opposite to the impressed electromotive force. 

If the induction (B,, B,, B,) of the magnetic field in the 
neighborhood of a fixed linear circuit changes with the time, 
the induced or impressed electromotive force e in the circuit 
is equal to the negative of the surface integral, taken over 
any cap S bounded by the circuit, of 


[D,B,- cos (a, n) + D,B,- cos (y, n) + D,B,- cos (2, 7) ]. 
If, then, a vector can be found of which the vector 
(DB, DB, DB.) 


is the curl, then the line integral, taken around the circuit, of 
the tangential component of this new vector — increased, if we 
please, by any lamellar vector — will be equal in absolute value 
to the induced electromotive force. If (f,, F,, F,)is any vector 
potential (Section 69) of the induction, (D,F,, D,F,, D,F,) is a 
vector potential function of (D,B,, D,B,, D,B,), and if — p is 
the scalar potential function of any lamellar vector, the inte- 
gral, taken around the circuit in positive direction, of 


—[@tz + Dap) cos (x, 8) + (DH, + Dy) cos (y, 8) 
+ (DF, + Day) cos (2, s)] [207] 


will be equal to e. This value of the whole electromotive 
force induced in the circuit will be obtained if we assume 
that every circuit element ds is the seat of an electromotive 
force equal to the product of ds and the tangential component 
or the vector —[ DF + Dy, DF, + Diy, DEF Di, 

If a closed linear circuit s in a magnetic field be deformed 
or moved according to any law so that during the time d¢ the 
coérdinates (a, y, z) of the beginning of an element ds receive 
increments (dx, dy, dy) which are analytic functions of a, y, z, 
and dt, and if, during the interval dé, the scalar point func- 
tions which represent the magnitudes of the components of 
the magnetic induction in the field change from the values 
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B,, B,, B, to the values B,', B,', B,', the flux of induction 
through the circuit has been increased by the amount 


d= ff [B.'-cos (x, n) + B,!-cos(y, n) + B,'-cos(z, n)]ds 


“ if if [_B,- cos (a, n) + B,- cos (y, n) + B,- cos (2, n)]48, 


where S' and S are any surfaces which cap the circuit in its 
final and initial positions respectively. In moving, the circuit 
traces out a narrow surface S", each element ds of the circuit 
generating the surface element dS", and we may take for the 
cap S' the surface made up of Sand S". We have therefore d® 


se dt f if) [_D,B,,- cos (2,n)+ D,B, - cos (y,n) + D,B, cos (z,n) a8 


+f f(z -cos (a, n) + B,'.cos(y, n) + B,'- cos (2, n)]d8". 


In the second integral, cos (z, n)-dS'' measures the area of the 
projection of dS" on the xy plane and is, therefore, equal to 
+ (8x - dy — 8y-dzx) plus terms of higher order; the sign being 
positive, if the direction in which ds moves, the positive direc- 
tion of the element, and that of the normal to dS" are arranged 
like the a, y, z axes of a Cartesian system. We may substitute 
in the integrand B,, B,, B,, €-dt, y-dt, ¢-dt for B,', B,’, B,!, 
da, dy, dz, without changing the value of the integral, and then 
write 
D& = f(r. cos (a, s) + Q- cos (y, s) + & - cos (z, s)]ds, 


where P=— DF, — Dab + B,-4-—B,-6 
Q= — DF, — Dy + B,C — B,-&, [208 ] 
R= — DF,— Da + B-é — B,- 7. 


P, Q, R are said to be the components of the induced electro- 


motive force at the element ds. 
We may note in passing that we cannot generally assume 
that the motion of the electricity in a circuit which is the seat 
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of an induced current is governed by a potential function due to 
an electrostatic distribution on the surfaces of the conductors, 
or elsewhere. If a magnet, the axis of which coincides with 
the axis of a plane circular ring of wire, be made to approach 
or to recede from the plane of the ring, a transient current 
is induced in the wire, but no imaginable electrostatic distri- 
bution would furnish the multiple-valued potential function 
needed to account for the current. 


If a circuit at a distance from other circuits and perma- 
nent magnets carries a changing current C, the ratio of the 
numerical value of the intensity of the electromotive force 
induced by the change of the current in the circuit to D,C 
is sometimes used as a definition of the self-inductance of 
the circuit. The mutual inductance of two circuits may 
be defined in a similar manner. It is evident that all the 
definitions of self and mutual inductance which we have 
mentioned are equivalent when all the media in the neigh- 
borhood of the circuits concerned have susceptibilities inde- 
pendent of the intensity of the field. The definitions of 
this section are often used when there are masses of soft 
iron or other magnetic metals near the circuits, or when the 
circuits themselves are made of soft iron conductors. 

If a number of circuits s,, s,,---s,, carrying currents C,, 
C,,-+-C,, have self-inductances L,, Z,,---Z,, and if the mutual 
inductance of s, and s,is M,, the total electrokinetic energy 
T is of the form 


1,0? +4L,0? + ---4L,C,? 

ot M,C, Cy Te M,C, C3 ape neeas M, 3C,C;s a My 4C,C, a 

+f M3 4C3C, Se a ees Cg Cy 
where the Z’s and the M’s are independent of the C’s and are 
to be considered as functions of a set of geometrical coordi- 
nates equal in number to the degrees of freedom of the system. 


If p, denotes the electrokinetic momentum of s,, that is, the 
partial derivative of Z’ with respect to C,, if r, represents the 
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resistance of s,, and #, the internal electromotive force in this 
5 ap, : : : 

circuit, i measures the intensity of the induced electromo- 
tive force, and d 
E, a = r, Cy 

If the relative positions of two rigid circuits s,, s,, which 
carry currents C,, C,, and are surrounded by a soft medium 
in which there are no other conductors, be altered by changing 
under their mutual action the geometrical coordinate g by the 
amount dq in the time interval dt, leaving the other coérdinates 
which determine the configuration unchanged, the electrokinetic 
energy T=41,C?+ MCC, +42L,C/ will receive the increment 
dT= IEC Q dC,+ EAE: : dC,+ M ( Cy . aC, + Ce : dC;) 4 OOF 3 dM. 
The electrodynamic force (in the Lagrangian sense) which 
tends to bring about this change of configuration is the partial 
derivative of Z with respect to g, taken under the assumption 
that the other codrdinates and the currents are constant: the 
work done during the change by this force is dW = C\C,' di. 
Within the circuits we have 

£,C,-dt — C,-d(L,C, + MC,) = CPr- dt, 
E,C,: dt — C,-d(LyC, + MC,) = CPr,- det, 

so that the work done against the inductive electromotive 
forces by the applied electromotive forces (besides the amount 
C?r, + Cr, dissipated in heat) is 


’ O,-d(L,C, + UC,) + C,-d(L,C, + MC)), 
be 


L,C,-dC, + L,C,-dC, + U(C,.dC, + C,-dC,)+ 2 O,C,-dM, 
or aW-+ aT. 


If, starting from rest, the circuits come again to rest and the 
currents regain their steady values before the end of the 
interval dt, we have 


dC, = 0, dC, = 0, and dW+dT=2 0,C,,dM=2dW. 
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The principles just laid down enable us to infer that, if 
the conductor AB of length / in either of the circuits repre- 
A sented by Figs. 84 
e and 85 be moved 
parallel to itself 
along the rails CB, 
DA, in the direc- 
tion indicated by 
0 Fe the arrow attached 
Fire. 84. to it, with constant 
velocity v, and if 
the field have the direction shown, an electromotive force 
will be induced in AB in the direction pointed out by the 
arrow by its side. 
If the component 
of the total induc- 
tion normal to the 
plane of the circuit 
have the constant 
value H all along ° x 
AB, and if r be the 
resistance of the 
whole circuit ABCD, the induced current will be /Hv /r in abso- 
lute units. The volt, ohm, and ampere are equal respectively 
to 10%, 10°, 10~—1 times the absolute elec- 
tromagnetic c.g.s. units of electromotive 
force, resistance, and current strength; 
if in this example, therefore, 7 = 1 metre, 
v =1 metre per second, and H = 1, the 
induced electromotive force will be 10,000 
units, or 10~* volts. 
If a Faraday’s disc (Fig. 86) which has 
a radius a be rotated in a uniform field, 
in which the component of the induction normal to the face 
of the disc is H, with uniform angular velocity w in the 
direction indicated, the number of lines of induction cut per 
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Fic. 86. 
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second by OP is4a*Hw. If r be the resistance of the circuit, 
the current in it is a*Hw/2r and the disc is a very simple 
form of constant current generator. 

Fig. 87 represents a circuit a part of which consists of a 
rigid wire free to turn in the air about the 
axis of a magnet. This wire makes elec- 
trical. contact, by means of brushes, with 
the magnet at its mid-section and with a 
conductor which forms an extension of 
the axis of the magnet. If the wire be 
rotated with uniform angular velocity wo, 
and if m be the strength of one pole of the 
magnet, the electromotive force induced 
in the circuit will be 2 mo. 

If a thin coil (Fig. 88) closely embracing 
a magnet be suddenly slipped from one 
position to another, the electromotive force 
induced in the coil is proportional to the 
amount of induction which emerges from 
the surface of the magnet between the 
two positions. 


84. Superficial Induced Currents. 
Although a mathematical treatment of the 
currents induced in a massive conductor of any form, in 
a magnetic field varying in a given manner, is beyond the 
scope of this elementary text-book, we may give a very simple 

proof (taken essentially from Prof. J. J. 
Sub jaleoreias 5) Thomson’s admirable Elements of Elec- 
F tricity and Magnetism) of the fact that 
1G. 88. : 
the currents due to a sudden, finite change 
in the field lie at the first instant wholly on the surface of 
the conductor. 

Let 7 linear circuits, the resistances of which are 7, 72, 75) +++; 
and the self-inductances L,, Z,, L,, ---, lie near each other in 
a magnetic field so that the coefficient of mutual induction of 
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the ith and jth circuits is M,,. Let the flux of the external 
field through the circuits be N,, N,, N;, ---, and assume that 
the currents are originally zero and that no one of the cir- 
cuits contains any battery or other generator. If, then, the 
external field experiences a finite change during the extremely 
short time interval + and thereafter remains constant, the 
flux through the Ath conductor becomes changed from WN, 
to N,'. Transient currents, C,, C,, C,, ---, flow through the 
circuits and at the end of the time 7 attain the values 
C,', C,', C,',.--. During the given interval we have in the 
first conductor, which will serve as a general example, 


Ly DiC, + D> Me D.C) + DM, +0 =0, 


and if this be integrated with respect to the time between 0 
and 1, the last term of the result will be less than 7,C,'r, which 
is negligible, so that the result may be written in the form 
L,- Ci! + 3(Mh,: C,') + M' = N,. The second member repre- 
sents the whole induction flux through the first circuit before 
the change and the first member the whole flux at the end of 
the time 7, so that the currents generated by the sudden change 
in the field are such as to keep unchanged the whole flux. 
Imagine a compact mass of metal divided into such cir- 
cuits as we have just considered and it will be evident that 
the flux through every circuit in the metal is the same just 
after the sudden change in the field as it was before. The 
work done in carrying a magnetic pole about any closed path 
in the metal is unaltered by the change: it is zero before 
the change and zero after. No such path can enclose any 
current filament and, therefore, all the induced currents are 
initially on the surface, though afterwards transient currents 
are excited within the metal. It is easy to infer from this 
that, if the external magnetic field is a very rapidly alternat- 
ing one, the induced currents never penetrate very far into 
the mass of the conductor. For references to the literature of 
this important subject, the student may consult Winkelmann’s 
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Handbuch der Physik, Vol. III, p. 403. Various problems are 
discussed at length in J. J. Thomson’s Recent Researches in 
Electricity and Magnetism. We shall confine our attention in 
the three sections which follow to circuits made up of long 
slender conductors like wires. 


85. Variable Currents in Single Circuits. When a simple 
inductive circuit of resistance 7, containing a constant elec- 
tromotive force £, is suddenly closed, the current in the 
circuit grows gradually in strength and in a short time prac- 
tically attains a maximum value C, = H/r, after which it 
remains constant. While the current is increasing in inten- 
sity, the electromagnetic energy in the surrounding medium 
—if there are no permanent magnets and no other currents 
in the neighborhood — increases also from 
zero to 4 LC,?, and electrostatic charges 
are established which account for the 
electrostatic potential differences in the 
conductors which make up the circuit. Fic. 89. 
After the current has attained the value 
C, the energy (C,H watts or C,H-10' ergs per second) given 
up to the circuit by the generator in it is used in heating 
the conductors in the circuit, and HC,=C,*r. Before the 
current C has become steady CH is only a fraction of C,#, 
and the rate C?r, at which energy is used in heating the cir- 
cuit, is a still smaller fraction of C,?r; hence CH — Cr is 
positive, and in the time interval dt the energy (CH — C?r) dt 
joules is used partly in increasing by dw the energy of the 
electrostatic distribution on the surface of the conductors and 
elsewhere, and partly in increasing by d (4 LC’) or LC-dC the 
electrokinetic energy in the medium. Unless something in 
the nature of a condenser is attached to the circuit, dw is 
usually of no practical importance, and we may write 


(CE — Cr) dt = LC-dC, or Cr = E—L-D,C, 
or L-D,C+ Cr=E£, or C= H/r+ A-e-"/%, 
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It appears from the equation Cr= H—L-D,C that the 
counter-electromotive force cannot be greater than # while 
the current is positive ; D,C, therefore, is not greater than 
E/L and, unless L=0, the current cannot jump at the 
instant to a finite value. We must assume, then, that C= 0 
when ¢=0, sothat C= H(1 — e~'/") /r,wherer = L/r. The 
quantity (1 — e—*/’) has the values 0, 0.3935, 0.6321, 0.7769, 
0.8647, 0.9179, 0.9502, 0.9817, 0.9933, 0.9975, 0.9991 when 
the ratio of t to r has the values 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 
4.0, 5.0, 6.0, 7.0. The difference C — C, or — He~*’* /r, which 
we may call the induced current, has the value — C at the’ 
beginning and sinks to 1 /eth of this value in + seconds, which 
is sometimes called the 
relaxation time of the 
circuit. The induced 
electromotive force has 
the value — He—‘’” and 
becomes insignificant in 
a short time after the 
circuit is closed. The 
integral, with respect to the time between 0 and o, of 
the induced current, is — #L/r’. 

If, now, the electromotive force in the circuit be suddenly 
changed to Z”, we have at any time ¢ seconds after the change 
E'C dt = C'r-dt+ LC-d0 or C= E'/r4+(E— E')e—*’"/r. 
The induced current is now the second term in this expression 
for C and the induced electromotive force is never larger than 
E— E'. The quantity e—‘’” has the values 1, 0.6065, 0.38679, 
0.2231, 0.1353, 0.0821, 0.0498, 0.0183, 0.0067, 0.0025, 0.0009 
when the ratio of ¢ to r has the values 0, 0.5, 1.0, 1.5, 2.0, 
2.5, 3.0, 4.0, 5.0, 6.0, 7.0. It is to be noted that if Z is 
expressed in terms of the practical unit (the henry) of self- 
induction, which is equal to 10° absolute units, 7 must be 
measured in terms of the ohm, which is equal to 10° absolute 
units of resistance. The relaxation time of a circuit, which 
is sometimes called also its time constant, is usually a fraction 


9 
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of asecond. The ordinates of the curve in Fig. 90 represent 
the strength of the current in the circuit just described, on 
the assumption that the electromotive force is kept constant 
for 57 seconds after the circuit is closed and is then suddenly 
annihilated. 

If, starting with no current in the circuit, the electromotive 
force have the constant value Z, for the time interval a, then 
the value zero during the interval 4, then the value Z, again 
during an interval a, then the value zero during an interval J, 
and so on, and if we denote e—*’" and e—?’* by a and 8, the 
current at the end of the nth period of interruption, n(a + 0) 
seconds from the beginning, will be 


Hyp (1 — a) (1 + of + a6? +--+ a"1p"-) /1, 
and the limit of this, as 7 increases, is 
Cy = LBA = a) /r(1 = af). 


Starting with this value C,, the current during the next 
period a, while the electromotive force is equal to #,, would 
be H,(1 — e~'/*) /r + Ce—‘/”, and during the next interval 3, 
when the electromotive force is zero, 


EH, (1 — a) ee ae Cae 


At the end of this interval the current is again C) and the 
state is final. 


If # in the equation L-D,C+r.C= His a given function 
of the time, L- C= e-'/"(A + fe'/"- B-dt). 


If the resistance of an inductive circuit containing a con- 
stant electromotive force H# and carrying a steady current 
C,= E/r be suddenly changed from r to r', we have at 
any time after the change HC. dt = C?r'-dt + LC -dC, or, if 
C= E/r, C=C'+(C,—C)e""/", The induced electro- 
motive force is now r/(C, — C!)e~""’”, and if 7’ is large this 
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may be at first enormous. Although it is very difficult in 
practice to increase the resistance of a circuit thus instan- 
taneously, the rate of change in r may easily be made very 
rapid, and the spark which is often visible when a circuit is 
broken bears witness to the fact that the induced electromotive 
force is sometimes large. 


If the terminals of a battery of internal resistance r and 
electromotive force H be connected by a 
coil of resistance 7, and self-inductance Ly, 
in parallel with a non-inductive resistance 
r, (Fig. 91), and if C, C,, C, represent the 
strengths of the currents in the battery 
and in the two branches of the external 
surface respectively, 


Fic. 91. 


G = G + Ce Cr + Cire = E, H = I, : DC, = Cr + OF 
or Cr+ C,(r+7,) = #, and C\(r+7)+ Cyr = E— L,- D,C,. 


If the value of C, from the equation before the last be 
substituted in the last equation, we get 


L,:-D,Q, + QE /(r + 1%) = Er, /(r + 1), 
where R=rr,+7r, + 7," 80 that C, = Hr,/R + A-e—*, 
where kK=Rk/L,(r+7). C,=(H— Cyr) /(r+7). 
If the main circuit be suddenly closed when ¢ = 0, we have 
C, = Er,(1 — e—™) / BR. 


If, after the circuit has been closed for some time and C, has 
attained the value B, the battery be suddenly detached, C 
and C, become suddenly equal numerically, 


DL, - DC, + C7, + %) = 9, 
and C, = Be-™, where m =(r, + 7) / LD}. 
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If the poles of a constant battery of resistance 6 are con- 
nected by two coils in parallel (Fig. 92) which have resist- 
ances 7,, 7, and self-inductances Z,, L,, we have 


L,- DC, +6 +7, G+ 6-0, = £, 

6: C, + L,-D,C, + (6 + %) C, = £, 
or (ED. 6 4,) Cy +b: C, =F; 

- 6-C, $4, D, + 6 + 1) C, = £. Fie. 92. 
If we perform the operations (Z,-D,+6+ 7.) and 6 upon 


the two equations respectively, and subtract one result from 
the other, we shall get the equation 


L,- L,: D2CQ, + [L,(6 + %) + Ly(6 + 7,)) D.C, 
+ (6r, + br, + yr.) CL = F ; 
whence C,=7,H/ (br, + bry + 1r,) + A-e + Bs &!, 
where A and p» are the roots of the quadratic 


L,- Lye? +[L,(b +) + Ly (b + 71) ] x + (br, + bry, + ry) = 0. 


Fig. 93 represents a Wheatstone’s Net which has self- 
inductance in all members except that 
which contains the cell. Using, as 
far as it goes, the notation of Section 
73, let us call the coefficients of self- 

— induction of the branches which have 

Fic. 93. the resistances p, 9,7, 8,9; L,, L,, L,, 

L,, L, respectively. Let ps =r, so 

that, when the current has become steady, there is no flow 
through g, while the current 


P,=Cq@ts)/ptatrts) 
flows through p and r, and the current 


Q = C(ptr)/(ptatrts) 


306 CURRENT INDUCTION. 


through g and s._ If, now, the branch d be suddenly broken, 
transient currents C,, C,, C,, C, C, which have the initial 
values P,, Q); Po, Qo zero respectively, and the final value 
zero, will flow through the members of the rest of the net. 
Kirchhoff’s Laws give at every instant 


paCpe DD, Cy + 9: Co Ly DC, —g- CDC, 
poiCe tL, DiC 86 CO, le DiC — 9 NC ie, == 0, 
Cp Cp Cn 10: 


If we multiply each of these equations by dt, integrate between 
t = 0 and t= 0, and write 


P={ 0,d=—f C,d, R={ C.-de=—f{ C,-dt, 
0 0 0 0 
G=f Cat, 
0 


we shall get the equations 


@+Q)F+9G=L,.P,—-L;-9, 
(r+s)k—gG=L,-P,— LQ 
P—-R—-—-G=0. 
Whence, 


gale ts) L,—~ (tL, Mats) + Cl PtyL,—(r+s)Le\(p+r) 
(ptgtrts)[g(ptgtr+s)+(p+q)(r+s)] ‘ 


or, since ps = qr, 


Ce ePs(L/ p= LJ tbl fq), 
CRG So Er in ae og Mad) 


If L, and L, are both zero (Fig. 94), it is possible to choose r 
and p subject to the condition ps = qr, 
so that there shall be no transient 
current through g, and in this case 
L,/Lh,= pir. Th Le LL, are all 
zero, and if the steady current C and 

Fia. 94, the quantity G be measured, LZ, can 
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be found. This method of determining coefficients of self- 
induction is described at length by Lord Rayleigh in the 
Philosophical Transactions for 1882. 


If at the time ¢ the positive plate of a condenser of capacity 
K, which is being charged by a battery of constant electromo- 
tive force # (Fig. 95), has a charge @; if r is the resistance of 
the “circuit,” Z its coefficient of self-induction, and C = D,Q, 
the charging current, we have 


E-—Q/K—L-D,C=rC or L-D2Q+7r-DQ+Q/K=E. 


The general solution of this equation for @ is the sum of any 
special solution (for instance, AH’) and the general solution 
of the equation formed by equating the first member to zero. 
If, therefore, \. =— r/2L+ RK and \, =— r/2L — R, where 
R= 77/4 I?—1/KE, the solution required 
is of the form K# + ae + be, where a and 
6 are constants to be determined from the 
initial conditions. If the absolute value of 
the quantity under the radical sign in the 
expressions for A, and »,— taken positive, 
whatever its real sign may be —is m?*, the value of the radi- 
cal will be m or mi according as 7° is greater or less than 
4L/K. If at the time zero, when Q=Q,), the circuit be 
suddenly closed, 


Fic. 95. 


Q = KE +(Q, — KE) (dye —d,- e**) / (Ag — iy) 


The current has the value A,A,(Q) — KE) (e — e") /(A, — dy), 
and if A, and A, are real, it has the same sign for all values 
of t. If, however, A, and A, are imaginary, the expression 
given above for @ may be more conveniently written in the 
form KE +(Q, — KE)e~"/”*“ (cos mt + r/2 Im.-sin mt), and 
the sign of the second term is alternately positive for 7/m 
seconds and negative for «/m seconds, so that the current 
is sometimes positive and sometimes negative. The curves 


308 CURRENT INDUCTION. 


in Fig. 96 exhibit Q and C in terms of ¢ in a case where 
”>4L/K, Q = 90, and the condenser is being charged; the 
curves in Fig. 97 correspond 
to a case where # = 0 and 
the condenser is discharging 


Fie. 96. Fic. 97. 


itself through the circuit. In each case the absolute value 
of the current starts at zero, attains a maximum, and then 


Fic. 98. 


decreases. Fig. 98 shows Q in terms of ¢ when #=0 and 
the condenser is discharging itself through a circuit such 
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that 7?><42/K; the curve, the ordinates of which are HK 
minus the ordinates of this curve, shows Q at any time while 
the condenser is being charged by the battery. The shape of 
the curve may be seen by looking at Fig. 98 through the 
back of the leaf and upside down. 

If we differentiate the equation H— Q/K—L-D,C=rC 
with respect to ¢, we get L-D?C+r-D,C+ C/K=DE=0, 
and we might determine C directly from this last equation. 


If a condenser of capacity K, originally charged to poten- 
tial Q)/K, be discharged through a circuit (Fig. 99) which 
consists of a non-inductive resistance 7, and 
an inductive resistance 7,, arranged in mul- 
tiple arc, and if the currents at the time ¢ 
through the branches of the external circuit 
be C, and C;, respectively, C, + C,= — D,Q. 

If we take into account the induced elec- Fic. 99. 
tromotive force, we may apply Kirchhoff’s 

Laws directly to this circuit and learn that Q/K — Cr, =0, 
and that 


Q/K— L,-D,C, — Cyr, 

or Q/ K+ L,-D,(D,Q + C1) + (D9 + C) = 0. 
If the values C,= Q/ Kn, D,C, = D,Q/ Ky, obtained from 
the first of these equations, be substituted in the last one, it 
becomes L,-D?Q + D,Q (Lp/ Kr, + 1%) + Q(% + 1%) / Kn = 9, 
and the solution of this is of the form ae*‘ + be“, where A 
and p» are the roots of the equation 


Le x* 4- (L, / Kr, + %g) & +4. (1 a 12) / Kr, = 0. 


After a and 6 have been determined in accordance with the 
given conditions, C, and C, can be found directly. The equa- 
tion Cyr, = Q/K—L,-D,C, shows that, if C, is positive, 
D,C, cannot be greater than Q / KL,, and that C, cannot jump 
suddenly from zero to a finite value as soon as the condenser 
circuit is closed; the initial value of C, is therefore zero, 
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while that of C, is Qo/A7, and under the conditions of this 
problem 


Q= Qol (urs + 1)e" — (Kr, + 1) e""]/Kry (u — 2), 
Ci = Qo[ (uA + 1) e& — AKr, + Let") fier? (uw— A); 
Co = — Qo(u Ar, + 1) AKr, + 1) (ey tes) Gea (@ — A). 


If \ and pw are real, C, decreases from the value (, / K7, to zero, 
O, starts at zero, increases (accompanied by a self-induced 
vounter-electromotive force L,-D,C,, so that Cyr, << Cyr) until 
it attains a maximum at the time 


t = (log A — log uw) /(u—A), 


at which time D,C, vanishes and C,r, = C,r., and then con- 
tinually decreases, accompanied by a self-induced positive 
electromotive force, so that Cyr, > Cyr, If we integrate C, 
with respect to the time from ¢=0 to t=oo, and remember 
that A 4+- p= — (LZ, + Anr,) /L,Kr,, and that 


Ap = (1%, + 72) / LK, 


we shall obtain the whole flow Qo. /(7, + 72) through 7. This 
is the same (whether or not A and yw are real) as if r, had no 
self-inductance; but if the circuit be broken before the dis- 
charge is complete, a greater portion of the electricity will 
have gone through 7, than would be the ease if LZ, were zero. 

If the condenser connections have a considerable resistance © 
b, the differential equation becomes 


KE, (6 + 7) D?Q + [L, + EK (br, + bry + 17, 7.) |) D.Q 
+@ + 7) QO = 0. 
If the resistance of a circuit made up of a generator of 


electromotive force # = f(t), a condenser of capacity & and 
necessary leads, is 7, if its self-inductance is Z, and if we 
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denote DE by E', we have L-D?C+r-D,0+ C/K= EE’. 
If R=~Vr?K?—4LK, and 

a =(rK — R)/2LK, B=(rK+ R)/2LK, 


the general solution of this equation is 


C= (K/B) (0 foP. HI. dt — e* fe". BI -dt) 
aise a ys Cat, 


If the poles of a battery of constant electromotive force H 


and internal resistance 6 are connected by a 

coil of resistance 7, and self-inductance Z,, 

in parallel with a condenser of capacity K 

Fig. 100 h 

Coe tee ae Fic. 100. 
Ee Or fm) Ce 0 C, =H, 

and E—Q/E=6C, + O-+ 7) Gy 

or 6-D,C0,+(6+%)D,C,+ C,/K=0. 

If we perform on the first and last of these equations the 
operations [(6 + 7) D,+1/K] and 6 respectively, and sub- 
tract one result from the other, we shall learn that 

ICL (OA 0) DECy +N Ly Ck (Ory st Or 9) | 
+ (6+ 17) C, = #, 
and that C, is the sum of #'/(6 + 7,) and the general solution 


of the equation formed by putting the first number equal 
to zero. 


If the arms p and 7 in the Wheatstone Net contain con- 
densers of capacity K,, K, respectively, the steady current 
through g and s will be C= #/(6+ q+), and the charges 
of the condensers will be C¢K, and CsK,. If, now, the bat- 
tery circuit be suddenly broken, transient currents wil! appear 
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in the remaining members of the net and the condensers will 
be discharged. The whole flow through p will be — C¢K,, 
and that through 7r will be —CsK,. At any instant during 
the discharge C, = C,+ C,, and if we multiply this equation 
by dt and integrate between 0 and oo, it will appear that 
the whole flow through g is C(sK, — gK,). This will be zero 
if g/s = K,/K,- 


86. Alternate Currents in Single Circuits, In many prac- 
tical applications of electricity it is necessary to deal with 
inductive circuits which contain periodic electromotive forces. 
In the simplest case the electromotive force is harmonic of 


Fie. 101. 


the form £,,-sin (pt—a), or the form £,,-cos(pt —a); the 
amplitude is then #,,; the period, T= 2a/p; the frequency, 
n=p/27; and the phase lag, a. 

Two harmonic electromotive forces, of the same period, 
A-sin (pt — a), B-sin (pt — 8), which conspire in a simple cir- 
cuit, are equivalent to a single simple harmonic electromotive 
force C'-sin(pt — y), where C? = 4? + B? + 2 AB-cos(a— ) 
and tan y=(A sina+ Bsin B)/(Acosa+BcospB). If a 
parallelogram be constructed with adjacent sides equivalent 
on any scale to A and B, and with the included angle equal to 
(a — 8), a diagonal of the parallelogram will represent C, 
and the angles which this diagonal makes with adjacent sides 
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of the parallelogram will be equal to (a — y) and (y— £) 
respectively. 

If, starting at the time ¢ = 0 from the position Py, a point P 
be made to move uniformly with angular velocity p in counter- 
clockwise direction around the circumference of a circle with 
centre O and radius #,, if @ be a fixed point in the plane 
of the circumference such that P,OQ =a, and if y be any 
straight line in the plane perpendicular to OQ, the projec- 
tions of OP on O@ and on y will be equal, at any time ¢, to 


Fra. 102. 


£,,-cos (pt —a) and H,,-sin(pt —a) respectively. If O@ be 
used as an axis of real quantities, QOP will represent the 
argument, and the length of OP the modulus of the complex 
quantity #,,-e°’—%'; the real part and the real factor of the 
imaginary part of this quantity will be represented by the 
projections of OP on O@ and on y. 

If while P is moving in the circumference, y moves parallel 
to itself away from O with constant velocity a/T or ap /27, 
the projection of P upon y will trace out a sinusoid (Fig. 101) 
the length of the base of whichis a. We shall frequently find 
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it convenient to imagine diagrams as generated in this way. 
If in Fig. 102 the lines OA, OB, OC revolve uniformly in 
the plane of the diagram about O with angular velocity p, if the 
angle AOB = B, and if the lengths OA, OB are equal to the 
amplitudes of two simple harmonic quantities a = a,,-sin pt, 
b=b,,-sin(pt + B), the projections of A, B, and C on y give 
the curves a, 6, and c; every ordinate of the sinusoid ¢ is the 
sum of the corresponding ordinates of the sinusoids a and 6. 
If in Fig. 103 the independent lines OA, OB, OC revolve 
about O in the plane of the diagram with the same constant 
p angular velocity p, the lengths of the pro- 
jections of these lines upon any fixed line 
(z) in the plane will represent harmonic 
quantities of the same frequency (p/27), 
B but with phase differences equal to the 
angles between the lines projected. The 
sum of these harmonic quantities may be 
represented by the projection upon z of 
QD, which is equivalent to the geometric 
sum of OA, OB, OC, if QD revolve about 
@ with angular velocity p, starting to move at the same time 
with the original lines. 


Q 
fe) e 
Fic. 103. 


If a circuit s which has a resistance r and a self-induct- 
ance Z contains an electromotive force Z#,,-cos pt, we have 
L-D,C+7rC = E,,- cos pt, if the capacity of the circuit is neg- 
ligible. The complete solution of this equation is the sum of 
any special solution and the complete solution, 4e—”"/”, of the 
equation formed by writing the first member equal to zero. 
To find the special solution needed, we may consider first the 
equation L- D,C +rC = £,, (cos pt +7 sin pt) = E,,: e?", which 
is in some respects simpler; if any solution of this new equation 
has the form w+ vi, uw is a solution of the given equation. 
Since the first member of the new equation is linear in terms 
of C and D,C, and since D,e?" = pie?", it is clear that a spe- 
cial solution of this equation, of the form Be", must exist. 
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Substituting this form in the equation, to determine B, we 
learn that the solution is 


E,,-e?" /(r + Ipi), or E,,(r — Lpi)er* / (vr? + Lp), 
of which the real part is Z,,(r cos pt+ Lp sin pt) /(r?+ I*p?), or 


E, 
————— 00S (pt — where tana= L ; 
Vet Dp (p a), a ip /r 
The current in s is, therefore, 

Ae—"*/4 + EF, - cos (pt — a) / V7 sae Asi 


but after a comparatively short time the first term becomes 
negligible, and then the current becomes harmonic with the 
same period, 27/p, and the 
same frequency, p/27, as the 
electromotive force, but with a 
retardation in phase ofa. The 
amplitude is #,,/V7r? + L?p’. 
The radical V7? + L*p? = Z is 
called the impedance of the cir- 
cuit and Lp = & its reactance, 
or inductive resistance, under 
the given circumstances; the 
self-induction of the circuit Y 
: 1c. 104. 

reduces the amplitude of the 
current in the ratio of r to Z The relation between the elec- 
tromotive force and the current strength may be represented 
by corresponding ordinates of two curves like those shown in 
Fig. 104. 

The counter-electromotive force of self-induction, sometimes 
called the back electromotive force of self-induction, is equal to 


— LE. DC, or “EAs -cos (pt —a—+47r); it lags 90° behind the 


current in phase. The electromotive force necessary to over- 
come self-induction is the opposite of this; it has the same 
numerical value, but its phase is 90° in advance of that of the 
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current. If we denote the amplitude, Z,, /Z, of the current by 
C,,, the amplitude of the electromotive force necessary to over- 
come self-induction will be ZpC,,. Cr is called the apparent 
electromotive force or the instantaneous energy component of 
the electromotive force; its ampli- 
tude is rC,,. The amplitude of the 
applied electromotive force H,, cos pt 
Lp is ZC,,, 

If a right triangle be drawn (Fig. 
105) the legs of which represent r 
Fic. 105. and Zp on any scale, the hypotenuse 
will represent Z on the same scale and 
the angle between the 7 and Z sides will be a; this triangle 
is the triangle of resistances. A triangle OPQ (Fig. 106) 
similar to this, the sides of which are equal to rC,,, LpC,, 
and ZC,,, may be called the triangle of electromotive forces. If 
the figure OY PR be made to rotate positively about O with 
constant angular velocity p, the projections at any time of 
OQ, OP, OR upon any line in the plane of the diagram parallel 
to the original position of OP will give the electromotive 

forces at that instant. 

The activity or the energy spent in the circuit, during any time 
interval, at the expense of the generator is the time integral, 
taken over that interval, of HC = E,?-cos pt-cos (pt —a)-/Z. 
The mean value of the activity for any num- 
ber of whole periods is H,,?r /2(r? + L*p”), 4k ve 
and this is the same as if a steady current 
of intensity H,, / V2 (7? + Lp?) had passed 
through the circuit during the interval; 


for this reason #,,/V2(r? + Lp?) is said 0 Q 
to be the virtual or effective current. The Fic. 106. 


mean values for any number of whole 

periods of the current and of the square of the current are 
zero and #,?/2Z?; the effective current is, therefore, the 
square root of the mean square of the current, and this is 
sometimes called the quadratic mean. The effective applied 
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electromotive force is Z,, / V2, and the effective apparent elec- 
tromotive force is Z,,r/ V2.7. The apparent electromotive 
force would yield the current C if applied to a circuit of ohmic 
resistance r and inductive resistance zero. The activity, or 
“power in the circuit,” is equal for any number of whole 
periods to the product of the effective current and the effective 
apparent electromotive force. For this reason the effective 
apparent electromotive force is frequently called the effec- 
tive energy component of the electromotive force. The first term 
E,,’r - cos? (pt — a)/Z? of the second member of the equation 
EC = Cr+ LC-D,C shows the rate at which heat is being 
dissipated in the circuit; the second term, 


— H,?Lp - sin (pt — a) - cos (pt — a)/Z?, 


the rate at which power is used in increasing the energy 
of the electromagnetic field. It is evident that the average 
value of this last quantity for any number of whole periods 
is zero. The effective impressed electromotive force is often 
called simply “the electromotive force.” Such voltmeters and 
ammeters as are commonly used in alternating circuits usually 
indicate effective electromotive forces and currents; their read- 
ings must be multiplied by V2 to obtain the maximum values 
of these quantities. 

It is often convenient, as Prof. C. A. Adams has pointed 
out, to regard the values, at any instant of the impressed elec- 
tromotive force and of the current, as the projections, on the 
real axis, of the radii vectores which join the origin to the two 
points on the complex plane which represent at that instant 
the quantities ZH,,-e?", H,,.e?"/(r+Lpi). This last expres- 
sion is the simple solution already found for the differential 
equation L-D,C+7r:.C = E#,,-e". 

If in the problem just considered we reckon the time from 
an epoch 4} 7 earlier, we shall have 


E=E,-sin pt, C=E,,-sin(pt —a«)/Z; 
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these quantities may be regarded as the projections on the axis 
of imaginaries of the moduli of Z,,-e?" and #,,-e?" /(r + Lpt). 
The quantity (r + Lp7) has been called the complex impedance, 
but some writers give this name to r — Lpi. 


If a linear plane circuit of area A, resistance 7, and self- 
inductance J, in a uniform magnetic field in air of intensity H, 
be made to rotate about an axis perpendicular to the lines of 
the field with angular velocity p, and if at the time ¢ = 0 the 
plane of the circuit is parallel to the field, the flux of the field 
through the coil at the time ¢ is AM sin pt, and the current C 
satisfies the equation L.D,C + Cr=— pAH cos pt, so that 
after a few seconds C = — HAp-cos(pt—a)/Z. The whole 
flow of electricity through the circuit during a positive half 
revolution is 2HA/Z. The mechanical action between the 
circuit and the field is equivalent to a couple the moment 
of which is C times the rate of change with respect to pé 
of the flux AH sin pt through the coil. This moment is 
CHA cos pt, or — H’A’p-cos pt: (cos pt —a) /Z, its average 
value is — H?4*pr/2Z?, and the work done against it in a 
single revolution is H?4?rrp/Z?. External work must be 
done to turn the coil against the resistance of this couple, and 
the equivalent of this work is all used in heating the circuit. 
If the rate of rotation is so rapid that the ratio of r to Lp 
is small, a is nearly equal to $7, and C is nearly equal to 
— HA sin pt/L; CL is the flux through the circuit of the 
lines of its own field, 7A sin pt is the corresponding flux of 
the lines of the external field, and in this case the sum of the 
two is nearly zero. 


If two points A and B in an inductive circuit be joined by 
an additional (non-inductive) conductor which carries an elec- 
tromotive force of such a value at every instant and so directed 
that no current ever passes through the extra conductor, the 
electromotive force may be taken as a measure of the differ- 
ence of potential between A and B. If between A and Bina 
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simple circuit which carries the current C,,- sin (pt — a) there 
is an ohmic resistance r and a self-inductance Z, the difference 
of potential between the points is evidently 


Vr? + L*p?. C,,- sin (pt — 8), 


where tan 6=(r-sina — Lp cosa) /(r-cosa+Lp-sina). If 
the terminals of an alternating current voltmeter were attached 
to A and B, the instrument would measure C,,Z / Wo 


Ifa circuit which carries a current C,,-cos pt contains three 
coils in series which have resistances 7, 7,, 7; and inductances 
L,, L,, Lz, we may lay off on a horizontal line in succession 
(Fig. 107) the lengths OA = 7,C,, AB=7,C,,, BQ=7;,C,, Erect 
at Q a vertical line and lay off on it the lengths 


QD=L,pC,, DF=L,pC,, FP = L,pC,, 


m 
Then OP will represent the amplitude of the difference of 
potential between O and P, and QOP will be the angle of 
advance of its phase over that of 


mi 


the current. The lines a, 4, ¢ rep- : 
resent similarly the amplitudes of 

the differences of potential of the wes 
ends of the separate coils, and the | oP a ES 
angles which these lines make with A 8 Q 
the horizontal the phase differences Fic. 107. 


-between these potential differences 

and the current. Starting at the time zero, let the triangle 
OQP revolve about O, in the plane of the diagram, with con- 
stant angular velocity p, and let the initial position of OY 
be denoted by OQ,. Let the points of intersection of the 
lines a, d and 5, ¢ be denoted by G and H, and the projections 
of A, B, Q, D, F, P, G, H upon OQ, by corresponding accented 
letters; then the lengths at any time of the lines OG’, G'H’, 
H'P' represent the instantaneous values of the “ electromotive 
forces”? applied to the several coils, and the lengths of OA’, 
A’B', P'Q! the corresponding apparent electromotive forces. 
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If the terminals of a generator of electromotive force 
E,,-cos pt and internal resistance 7 are connected by two 
conductors in parallel (Fig. 108) of resist- 


E ance r,, 7, and of self-inductance L,, L, 
respectively, 


Ly: D.C, + (r+) CG, +70, = #,,: cos pt, 
Fie. 108. 
L,-D,C,+7C, + (r+ 1) C, = E,,- cos pt. 
If r is negligible, 
C, = £,,- cos (pt — 4) / Vr? + Lip? = A-cos (pt — a), 
and 
C, = E,,- cos (pt — a.) / Vre + L,?p? = B - cos (pt — a), 


where tan o, = L,p/7,, tan a, = L,p/7,. 
C,+ C, = C,,: cos (pt — a), 
where C,? = A? + B? + 2 AB. cos (a, — ay) 
and tana=(A-sina, + B-sin a) /(A-cos a + B- cos ay). 


If in Fig. 109, OP =F, and QOF =a, C0 = 4, OP = 
AL,p, and A can be represented by a length laid off from 
O on OY. A similar construction, represented by the dotted 
lines, may be made for B. The diagonal OF of the par- 
allelogram, two sides of which are 
the lines which represent A and B, 
represents C,. If OR cuts the semi- 
circumference in G, OG represents the 
product of C, and the resistance of 
the divided circuit. fo) 


Gaps Q 
If a simple harmonic difference of 


potential Z,,-cos pt be applied to two Fie. 109, 

points A and B which are connected by n 

simple conductors of resistances 7, 7, %3,---, Self-inductances 
L,, Ly, L3,+++, and impedances Z,, Z,, Z,,---; and if the sum of 
the n fractions of the form 7,/Z,? be denoted by F and that of 


the fractions of the form pL,/Z,2 by G, the n conductors are 
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equivalent to a single conductor of resistance R = F'/ CF? 2G) 
and of reactance X = G/(F? + G’). Thesum of the currents 
in all the conductors is Z,,- cos (pt — a) / VR? + X?, where 
tana = X/R. 


If a non-inductive circuit of resistance 7 containing a con- 
denser of capacity & and a generator of electromotive force 
H = E,,:sin pt be suddenly closed at the time ¢ = 0, and if Q 
is the charge on the positive plate of the condenser at the time 
t, H— Q/k=rC, or, since C = D,Q, 


r-D,C+ C/k=pH,,- cos pt. 
From this it follows that 
C= Ae + E,,-sin (pt + B)/Vr° + m2, 
and Q = B— Arke-’* + E,,- sin (pt + B— $2) /p VP +m? 
where m =1/pk, and tan B = 1/rpk. 

The exponential terms soon become negligible, and if we 
assume that @ is zero at the outset, we shall have eventually 
C= E,,-sin (pt + B)/Vr + m, 
or pL,,k-cos(pt — 8) / V1 + k*p*r", where tan 8 = prk; 

Q = E,,-sin (pt + B—47) /p Vr? + m. 


Here the phase of the current is in advance of that of the 
applied electromotive force # by the angle 6 and in advance 
of Q by 90°. The electromotive forces 9 — 


of the condenser and generator conspire . 
in direction when pt lies between nm | 

and nr +a, where n is any integer and | € 

a = 90° — B; these electromotive forces \, 4 


are opposed when pt lies between mr +a 
and(n+1)z. The electromotive force 
(Q /k) necessary to overcome that of the condenser lags behind 
that of the generator by a. The apparent electromotive force 


Fie. 110. 
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is r@. The sum of the squares of the amplitudes (rC,, and 

mC,) of rC and Q/k is #,?, the square of the amplitude of Z; 

if, therefore, we draw a right triangle of which rC,, and mC, 

are legs, the hypotenuse will be equal to #,, and the angle 

adjacent to the first leg will be 8. If such a triangle OPQ 

(Fig. 110) be made to rotate in counter- 

clockwise direction, with constant angu- 

lar velocity p about O, the projections 

le of OG, OP, and OF upon any line per- 

Fic. 111. pendicular to the initial position of OP 

will give the apparent electromotive 

force, the applied electromotive force, and the electromotive 
force necessary to overcome that of the condenser. 


E 


If a condenser of capacity %, furnished with leads of resist- 
ance 7, be joined in parallel (Fig. 111) with a condenser of 
capacity k, furnished with leads of resistance 7, and if the 
compound condenser thus formed be connected up with a 
generator of internal resistance 7 and electromotive force 
£,,: sin pt, we have 


(r + 1)D,C; ~ es IDCs + Ci / ky = pL, -Cos pt, 


r-D,Cy + (7 + 12)D,Cz + Cy / ky = pL,,- cos pt. 
If r = 0, we have eventually 
C, = pl,,ky - cos (pt — a) / V1 + k2p'r?, 
C, = phi,ky + cos (pt — ay) / V1 + ,2p?n, 


where tan a, = pr,k,, tan ag = proks. 


Ifa circuit of resistance r contains (Fig. 112) Y . 
a generator of electromotive force /,,-sin pt, k 
a coil of self-inductance Z, and a condenser of 
capacity k& in series, and if Q is the charge 
on the positive plate of the condenser at the time ¢, C= D,Q 


and E,, sin pt — Q/k—L.D,C = Cr, 
or LDPC +r-D0+ C/k =pH,,- cos pt. 


Fie. 112. 
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The real part of any solution of the equation 
L- D?C +r-D,C+ C/k =pH,er# 


(and one evidently exists of the form Be) will be a spe- 
cial solution of the equation just formed. It is easy to find 
B by substituting Be?” in the new equation, and to prove 
that £,,-sin(pt —a)/R, where R? = r?+ (pL —1/kp)? and 
tana = (p?kL —1)/pkr, is the result required. To obtain 
the complete solution of the equation for C we should need 
to add to this special solution the complete solution (found 
in the last section) of the equation formed by writing the 
first member equal to zero; this solution is exponential in 
form, with negative indices increasing in absolute value with 
the time, so that after a few seconds the current may be repre- 
sented by the equation C= £,,-sin(pt—a)/. It is to be 
noticed that the capacity of the condenser tends to offset in 
some respects the effect of the self-induction of the coil. Since 
=r + p?(L—1/p*k) and tana = p(L —1/p*k) /7, it is 
clear that the current in the circuit is the same as if the con- 
denser were removed and the self-inductance decreased by 
1/p*k. The maximum current is obtained when both self- 
inductance and capacity are absent, or when both are present 
and such that Lkp?=1. If Q@=Q, when C has its maximum 
value, the difference of potential (Q/) between the plates of 
the condenser is Q,/k — H,,-cos(pt—a)/pRk, and if the 
denominator of the harmonic term is less than unity, this term 
will have an amplitude greater than that of the impressed force. 
If we make & infinite in these expressions, they become 
applicable to the case of a simple inductive circuit containing 
no condenser. The radical &, which is called the impedance of 


the circuit, becomes V7" + L*p? when & is infinite. 


When an inductive circuit contains a generator of electro- 
motive force Z,,-sin pt and an electrolytic cell with polariz- 
able electrodes, we may assume that when the frequency is 


324 CURRENT INDUCTION. 


fairly large the counter-electromotive force in the cell at any 

instant is approximately equal to 1/x times the quantity of 

electricity which has passed through the cell in the direction 

which the current then has, since the last reversal. On this 

hypothesis the cell acts like a condenser; & depends only 

upon the electrolyte used and upon the size 

A B_. and material of the electrodes. Experiment 

shows that if similar platinum electrodes of 

2 moderate size be used, the capacity, per square 

Fic. 118. millimetre of the surface of either electrode, 

will be about 0.049, 0.089, 0.183, 0.049 micro- 

farads, according as the electrolyte is a dilute solution in 
water of K,SO, KCl, KBr, or KI. 


If between A and B in a simple circuit (Fig. 113) which 
carries the current C = C,,-sin (pt — a) there is a resistance 7, 
a self-inductance Z, and a condenser of capacity & in series with 
the self-inductance, the difference of potential between these 
two points is rC+L-D,C+Q/k. If Q= Q when C= C,, 


thisis Q),/k+C,- Vr? + (Lp —1/pk)?-sin(pt — 8), 


rp-sina + (1/k — Lp?) cosa 
rp- cosa + (Lp? —1/k)sina 


where tané= 


If the ends of a coil of resistance 7, and self-inductance Z,, 


which is joined up with a generator of resistance r and electro- ™ 


motive force H,,-sin pt, be connected by ¢ 
leads of resistance 7, with the terminals 
of a condenser of capacity k., the coil and 
the condenser are in parallel (Fig. 114), 
and 


Fie. 114. 


Ly: D.C, + (r+7)C, + 7rC, = #,,- sin pt, 


r- DC, + (r + %2)D,C, Sa C, / ee = pL, yi cos pt. 
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If r is negligible, 

C, = E,,- sin (pt — a) / Vr? + L2p? 
and Cz = pE,ky- cos (pt — B) / V 1+ k.2p*r,4, 
where tana = I,p/7,, and tan B = proky. 


In many practical problems r, is extremely small, so that 
B is negligible. 


If the terminals of a generator of electromotive force 
H= E,,:sin pt, of self-inductance Z, and 
of resistance 7, be connected (Fig. 115) 
to the ends of a coil of resistance 7, and 
self-inductance Z,, and if the coil ends 
are attached by leads of resistance 7, to 
the coatings of a condenser of capacity 
ky, we have 


[(L+ L)D,+ 7 +7)]O,+ (L-D, +7) ¢, = #,,-3in pt, 
[L-D?+r-D]C, 
+[L.D? + (r+) D,+1/k,.]C, = pL, : cos pt. 


Fie. 115. 


If Z = 0, we have the case last considered. 


If the terminals of a generator of resistance r and elec- 
tromotive force #,,-sin pt are connected 
(Fig. 116) by two conductors in parallel 
having resistances 7, 7); capacities k,, k,, 
: and self-inductances L,, LZ, respectively, 
Fig. 116. but no mutual inductance, 


k 


L,:D2CQ, + (7 +17) D,C, + 7-D,C, + C1 /k, = pH,,- cos pt, 
L,- D2C, + r+ D,C, + (7 + %)D,C + Ch/ ky = pH, 00s pt. 


If we apply the operator [Z,-D?+ (r+ 12)D,+1/k,] to 
the first of these equations and the operator [7-D,] to the 
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second and subtract one result from the other, we shall have 
eliminated C, and may solve for C, in the usual manner. 
In a case which sometimes occurs in practice, 7 is negligible 
and 
C, = £,,:sin(pt —a)/R, C,= £,-sin (pt — a) /R,, 
where 
P=r?+(pl,—1/kp), R= 77 + (pl, —1/kpy, 
tan a, = (pk, L, —1)/pkyry, tan a, = (p?k,L, — 1)/phory. 


The reader will find the subject of this section fully dis- 
cussed in Bedell and Crehore’s Alternating Currents, Franklin 
and Williamson’s Elements of Alternating Currents, Steinmetz’s 
Alternating Current Phenomena, Heaviside’s Electrical Papers, 
and in many other books. 


87. Variable and Alternate Currents in Neighboring Cir- 
cuits. If the coefficients of self-induction of two neighboring 
circuits s,, s,—which contain constant generators the elec- 
tromotive forces of which are #, and #, respectively, — are 
LI,, £,, and their coefficient of mutual induction MW, if the 
resistances of the circuits are 7,, 7, and the currents which 
pass through them at the time ¢ are C),C,, then 


Ly: D.C, + M- D,C, +10, = EF, 
M.D,C, + L,-D,C, + 7,0, = 
It is to be noticed that, since the electrokinetic energy 
21,0? + MCC, + $ L,CY, 
or 40, (CO, + MC, / L,)? Cr, bo 2) /L7), 
must always be positive whatever the values or directions of 
the currents, if they exist at all, Z,Z, — M? can never be nega- 


tive. If we substitute in the differential equations just found 
C,'and C,' for C, and C,, where 


weet C'=G—H/n, GC ia C, — E,/, 


L,:- D,C,'+ M- DC +7, C,'=0, U-D,C,'+ L,- D,C,'+7,0,'=0, 


CURRENT INDUCTION. 327 


or, symbolically written, 
(L,-D, +17) C'+ UL-D,) C,' = 0, (M-D,) C;' + (Ly: D, +1) C,'=0. 


If we perform the operation (L,-D, + 7.) on the first of these 
equations and the operation (Z-D,) on the second and sub- 
tract one of the resulting equations from the other, we shall 
eliminate C;,' and get the homogeneous linear equation 


(L,L, — M*) D2C;! + (r,L, + mE5) D,C;' + ryrC'= 0. 


The general solution of this equation is of the form A,e + Be", 
where A and yu are the two roots of the equation 


(LL, — M*) 2? + (rel, + 7L,)% + nr, = 0, 
that is, 


= (7,1, + mL) + V (rly + Ly)? — 4 rr, (LL, — M”) 


2(L,L, — M) 


If we eliminate C,' from the original equations, we shall learn 
that C,' = A,e + B,e"" where » and » have the values just 
given. Both A and» are negative, since L,L, — M is positive, 
and both are real, since the expression under the radical sign 
may be written (Lyr,— L,r,)?+4r7,M’. The coefficients 
A,, A,, B,, B, in the expression for C{/, C,' are not all inde- 
pendent, for we find when we substitute these expressions in 
either of the original equations that the ratios A,/A), B,/B, 
must have the fixed values 


— Md /(L,r + 72) or —(L,. + 7) /MX 
and — Mp / (Lop + 7) or — (Lye + 7) / Mp 


respectively. If we denote these ratios by a and £, we have 
O, = E,/7, + Aye + Bet”, C, = By /1, +0 Aye’ + BBe“, where 
d, #, a, B depend only upon the forms of the circuits and 
the materials of which they are made and 4,, B, are to be 
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determined from the conditions of the particular problem 
under consideration. 

If #,=0 (Fig. 117), and if s, be suddenly closed at the 
time ¢=0, C, and C, are initially zero, 


A+B, =—-£#,/n, AatBp=0, 

Fig. 117. A, = BE, /7,(a— 8), By =ak,/7,(B — a), 
and CO, = £,/n 0-3 (mL, — 1L,)/k +1] 

Wee | (ely — 1.) | tid) fe 
C, = EM (e% — &)/&, 
where £& stands for the radical in the expressions for and yp. 
The time integral of C, from 0 to « is evidently 
E,M (p — dr) /parAk or — EM /11r, 


and is the same whichever circuit contains the given electro- 
motive force and is used as the primary. Fig. 118 shows the 
currents in s, and s, under the» 


circumstances, when Soe ae 
Hi, = 2,L,=},1,=%; 
A 1/V8, r, = 1, T= 1; 
If H,=0, and if s,, which has 
been closed for some time, has 
its resistance suddenly changed, 


when ¢ = 0, from 7 to 7,, we have 
initially C,= £,/7r) and C,=0, 


so that 
A, + B= Ey — %) / ry 
A,a+ BB = 0, Fic. 118. 


A, = BE, (7% — 7) [Tr (Gis 8), B, =o, (7) = %) / ot (a a B), 
and C, = Ey (7, — %) (&%* — &)a- B/ror, (a — 8). 
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The integral of C, with respect to the time, from 0 to o, is 
E,M(r, — 7) /7o7:"2, and the limit of this, as 7, grows larger 
without limit, is H,M/nr, C, attains its maximum value at 
the time (logA/p)/(4—A): this fraction approaches zero 
when 7, increases without limit. If 7, is infinite, we have 
C,=0, C,= Ae~™/L,: the time integral of C,, between 0 
. and o,is AL, /r,, from which we 
infer that 4 = #,M/1r,L,. 

If, then, 7, is infinite, that is, if 
the circuit is suddenly broken, the 
current in the secondary jumps 
instantly from zero to the value 
E,M/r,L, and then decreases 
after the manner shown in Fig. 
119, which is drawn to scale on 
the assumption that in practical 
units #,=2, L,=4, M=1/ V8, 7=1. The whole area 
between the time axis and the curve which represents the 
current in s, is the same in Fig..119 as in Fig. 118, though 
the shapes of the curves are very different. 


Fic. 119. 


If H, = 0, and if Z, = £#,,-cos pt, we have 
LD, - DC, + M . DC, + 1C, = L,,- Cos pt 
and M.-D,C, 4+- L,-D,C, + mC, = 9. 


If OC, =2, C,=y represent any special solution of these 
equations, the complete solution may be found by adding 
x and y to the values of C, and C,, found earlier in this sec- 
tion, which completely solve the equations formed by equating 
to zero the first members. These last quantities, however, are 
exponential in form with indices intrinsically negative ; after 
a few seconds they are negligible, and we need use only the 
final forms of zand y. The real parts (uw, w,) of any solution, 
of the form C, = u, + vi, Cy = us + v,t, of the equations 


L,-D,C,+M-D,C,+7,0,= Exe, M- D,C, + Ly D,Cy +120, =9, 
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form a solution of the original equations. Applying the opera- 
tor (L,-D,+ 7,) to the first of these new equations and the 
operator (M- D,) to the second and subtracting one result from 
the other, we get 


(L,L, — M*) DEQ, + (Le + tly) D.C, + 1G, 
= E,, (Ly pi + 7%) e”", 


an equation which evidently has a solution of the form Be", 
and if we substitute this expression in the equation, we learn 
that 


B=E,, (1+ Lopi) /[[ ryt pM? — pL, L,+ (mL, +7,L;) pi]. 
The real part (x) of Be?" is, therefore, 
i VI 2p? +72: cos (pt + 8— 6) 
Vins — (LL, — UM?) p+ (mL, +7, L,) 2p” 
where tand=L,.p/7r, and 
tan 6 =(r,L, + Ly) p/ [11% — (LL, — Me) p.)}3 


or x = A-cos(pt — a), where, if 
L=L,— M*L,p’ / (Lp? + 1’) 
and PS nh Met (iy rs). 


A=H,/VIPp +7°, and tana = Lp/r. 


The primary, therefore, behaves like a single circuit (at a 
distance from all others) of resistance 7, greater than 7, and 
of self-inductance Z, less than Z,. The presence of the 
secondary circuit makes the lag in the primary less than it 
would otherwise be. 

The corresponding value (y) of C, can be found by substi- 
tuting x in one of the original equations : it is 


— MpA -cos (pt — f)/ VL2 p? + 72, 
or MpA -cos (pt + + — B) /V Lip? + 1,2, 
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where tan (8—a)=r,/L,p. The lag in phase of the secondary 
circuit behind the primary is 7 +a — 8, or$a+tan—!(L,p/7,), 
The lag of the secondary current behind the electromotive 
force is tan~*[p?(L,L, — M*) — nr.) /[p(mL,+L,)]. The 
average rate for any number of whole periods at which the 
generator furnishes energy to the 
primary is the average value of 
EL, A-cos pt-cos(pt —a), which is 
4 #,,A-cos a or E,'r /2(L?p? + 17°); 
this is greater when the secondary 
is closed than when itis open. The 
average rate for any whole number 
of periods at which energy is used in Fic. 120. 

heating the secondary is the average 

value of C,?7, or r,M*p?A?/2(L,? p? + r,”); the ratio of this to 
the power used in the primary is called the efficiency of the 
transformation and is equal to r,J/*p?/r(L,2p?+ 7,7). The 
electromotive force induced in the secondary is 


eh DiC ee Ma D,C,. 


The problem here considered is in principle that of the alter- 
nate current transformer (Figs. 120 and 121), and it is fre- 
quently the case in practice that the ratio 
of r, to Z,p is very small. Under these 
circumstances L, 7, the amplitude of C,, 
and 8 —a are nearly equal to 


L, — M?/L,, 7, +%M?/L,?, MA/Ly and 0 


respectively. Both circuits are usually 
wound on a soft iron core (often a ring) 
Fic. 121. of great permeability, and Z,L, — M® is 
very small compared with either Z, or L,; 

in this case the lag of the primary is negligible, while, for 
high frequencies, that of the secondary is nearly two right 
angles. If Z,L, — M* is practically nothing, the transformer 
is said to have no magnetic leakage. The ratio of LZ, to L, 
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is usually nearly equal to that of the square of the number 
of turns (n,?/n,%) of the circuits on the core, and under these 
circumstances B is approximately equal to n,A/n,. For 
exhaustive treatments of the problem of this section, which 
is of much practical importance, the reader is referred to such 
books as Fleming’s Zhe Alternate Current Transformer; J.J. 
Thomson’s Elements of Electricity and Magnetism ; Nipher’s 
Treatise on Electricity and Magnetism; and Steinmetz’s Alter- 
nating Current Phenomena. 


88. The General Equations of the Electromagnetic Field. 
When a fixed, metallic, linear circuit s of specific conductivity 
X=1/c, at a uniform temperature throughout, carries an 
induced current, positive electricity is urged around s in the 
direction of the current by “something of the nature of an 
electrostatic field,” though we do not need to assume that this 
is always due to electrostatic charges. If we denote the com- 
ponents of the field, at every point within or without the 
conductors which form the circuit by X, Y, Z, the line integral 
of [X-cos(a, s)+ Y-cos(y, s) + Z-cos (2, s)], taken around s 
in the direction of the current, is the internal electromotive 
force and is equal to the negative of the time rate of change 
of the positive flux of magnetic induction through the circuit. 
If the circuit be covered by a cap S, if m denotes the direction 
of the normal to S drawn towards the positive side, and if 
B,, B, B, are the components of the magnetic induction B, 
then, on the assumption that Stokes’s Theorem may be applied 
to the vector (X, Y, Z), we shall have 


f [(D,Z— D,Y) cos (x, n) + (D,X — D,Z) cos (y, n) 
+(D,Y — D,X) cos (z, n)] dS 


ree Sf loBe eee (@, n) oh DB, COS (Y n) 


+ D,B,.cos (2, n)] a8, 
so that the expression ‘ (2, m) a8, 


[((D,4— D,Y+D,B,) cos (x, n) + (D,X — D,Z+ D,B,) cos(y,n) 
+( DY = DX +:D, Bos (0) 
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integrated over any cap bounded by s, whatever the forms of 
the latter, yields zero. We are led to assume, therefore, that 
at every point within or without any such circuit 


— D,B, = D,Z— D,Y, 
— DB, = DX — D,Z, 
— D,B, = D,Y — D,X, [209] 


and to say that the negative of the vector the components of 
which are the time derivatives of the component of the induc- 
tion is equal to the curl of the electric field. 

If é, y, are the components of the curl of the magnetic 
induction B, and if the components F,, F,, F, of the vector 
F are defined by the equations 47/7, = Pot é, 47F,, = Pot n, 
47F,= Pot Z, F is a vector potential function of B. By its 
aid we can transform the integral 


- f ili [_D,B, «cos («, n) + D,B, - cos (y, n) + D,B, cos (2, n)]48, 


in which the integrand is the component normal to S of the 
curl of D,F, into a line integral taken about s of the tangen- 
tial component of D,/. We have, therefore, 


f(x cos (x, s) + Y- cos (y, s) + Z- cos (z, s)]ds 
=— | [D,P,-cos (a, s) + DF, - cos (y, s) + DF, - cos (2, s) | ds, 
y 


and the integrands can differ only by the tangential com- 
ponent of some lamellar vector (G,, G,, G,), which adds nothing 
to the integral taken completely around s. Since this is true 
whatever the shape of s, we assume that at every point 


X=—D¥+6, Y=—Di-+ G, Z=— DF.+ 4, 


When the magnetic field is constant and the components of 
D,F vanish, X, Y, Z are equal to — D,V, — D,V, — D,V, and 
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the phenomena will be accounted for if we follow Maxwell 
and write 
ADL Die aD 
_ LZ£=—D,F,— D,V. [210 } 


The reader should compare these equations with [208]. 

Within the conductors which form s, the components 
(u, v, w) of the conduction current (7) satisfy Maxwell’s cur- 
rent equations 


47u = NG DM, 470 = DL a D,N, 
4nw = D,M— D,L, [211] 


where L, M, N are the components of the magnetic field, and 
u=rAX, X=cu, Y=ov, Z=cw. 

According to Poisson’s hypothesis, a dielectric consists of 
perfectly conducting molecules separated from each other by 
perfectly insulating spaces, the specific inductive capacity (K) 
depending merely upon the ratio of the volumes of the spaces 
occupied by the molecules and the intervening spaces. From 
this point of view, there is a transfer of electricity through 
every molecule when the dielectric is being polarized, one 
portion of the surface of the molecule becoming positively 
electrified by induction and another portion negatively elec- 
trified. Every change in the polarization is accompanied by 
the passage of electricity through the mass of the molecule, 
and we are to assume that during the change every molecule 
acts electromagnetically like a current element. Whatever 
our theory, the appearance of the induced charges which 
account mathematically for the phenomena observed when a 
dielectric becomes polarized, involves the displacement of 
electricity, and corresponding electromagnetic effects. In his 
famous paper on “A Dynamical Theory of the Electromag- 
netic Field,” published in the Philosophical Transactions of 
the Royal Society in 1864, Maxwell assumed that whenever the 
polarization of a soft dielectric in which the electric induction 
has the components ©,, ®,, 6, is being changed, electromagnetic 


CURRENT INDUCTION. 3835 


phenomena are to be looked for equivalent to those which 
would accompany the presence of currents, called displacement 
currents, in the dielectric defined at each point by the vector 


(De®, /47, D®&,/47, D®&,/47) 
or (K-DX/42, K-D,Y/42, K-D,Z/47). 
According to this assumption, 
u=D®,/4r+rAX, v= De®,/4r+ XY, 
w'= D®,/42+rZ, 

where uw’, v', w' are the components of the total current, and 
we may write the current equations in the generalized form 

4 ru! = D,+42u = D,N — D,M, 

4nv' = D®,+42v = DL — D,N, 

47w'= Do®,+4rw= D,M— DL, [212] 


in which wu, v, w represent the components of the conduction 
current alone. In conductors the displacement currents are 
negligible, in a perfectly insulating dielectric the conduction 
currents vanish; both are supposed to coexist in dielectrics 
which are slightly conducting. Within a conductor, since the 
curl of the magnetic force is solenoidal, D,w + Dv + Dw=0. 
If at least that portion of the magnetic induction near the 
current which changes with the time, is induced in soft media, 
and if » is the magnetic inductivity at the point (a, y, 2), 
we have D,B,=p-D,L, D,B, =p: DM, DB, = w- DN, and 
[209] becomes 
—p-DLIL=D,Z—D,Y, — pp: DM= DX — D,Z, 
—p-D,N=D,Y — DX, [213] 
or, if the media are homogeneous, 
— pr\-D,L = Dw — Dy, — prX-DM= Du— Dw, 
— pA: DN= D,v — Du. [214] 
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If we differentiate the equations of [212] with respect to 
¢ and substitute the values of D,L, D,M, D,N from [214] 
in the results, we shall get for homogeneous media three 
equations of the form 


prA(K. D2X + 42- Du) = Vu — DDu+ Dy + Dw) = Vu, 
that is, 
pA(K- D2X +4ar-Du) = Vu, prA(K:.D?ZY + 42-Dy)= Vv, 
pAa(K- D?Z + 427- Dw) = Vw. [215] 
Where there is no conduction current these become 
pK DEX = V2X, pK-DZY=V'Y, pK-D2Z= V?Z. [216] 


If we substitute in the equations [214] the values of wu, v, 
and w from [211], we shall obtain for homogeneous media 
the equations 


AmprA-DIL=VL, 47prA-DM= VM, 
4 mprA-D.N = VN. [217 ] 
The energy of the field is W+ 7 where 


was SSfxw+ Y? + Z%)dr, 


LSS Sacre se +1 ae 


fi 


Il 


MISCELLANEOUS PROBLEMS. 


1. The astronomical unit of mass in any length-mass- 
time system is the mass which, concentrated at a fixed point, 
would cause by its attraction unit acceleration in any particle 
at the unit distance. The astronomical unit of mass concen- 
trated at a point at a unit distance from a particle of mass 
equal to the absolute unit would attract it with a force of one 
unit. Show that the astronomical unit of mass in the c.g.s. 
system is 15,430,000 grammes, while in the f.p.s. system it is 
963,000,000 pounds. Show also that the mass which, concen- 
trated at a point distant 1 centimetre from a particle of 
equal mass, would attract it with a force of 1 dyne, is only 
3928 grammes. Prove that the earth’s mass (Problem 9) in 
astronomical c.g.s. units is 3.98 x 10”. Show that a mass of 
1 kilogramme must be raised about 3 metres at the earth’s 
surface in order to reduce its weight by 1 dyne. 

2. Prove that two equal marbles, each of 4 grammes mass, 
must be placed with centres a little over 1 centimetre apart, if 
the attraction between them is to be 1 microdyne, and find the 
attraction [5535 kar ]of an iron cylinder of revolution, of 10 cen- 
timetres radius, 1 metre long, upon a marble of 100 grammes 
mass, with centre in the axis of the cylinder and distant 10 
centimetres from the nearer base. If the specific gravity of 
iron is 7.5, the radius of each of two equal iron balls which, 
placed in contact, attract each other with a force of one 
gramme’s weight is 88.5 centimetres. If the mass of each of 
two equal homogeneous spheres with centres 1 mile apart 
were 415,000 gross tons, the attraction between them would 
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be about 1 pound’s weight. The force of attraction between 
two equal particles 1 foot apart and each of mass n times as 
great as that of a cubic foot of water, would be equal to the 
weight of about n?/(7.94 x 10°) pounds. 

38. Assuming that a force equivalent to the weight of a 
mass of 1 gramme is equal to 4°77 (98.95)* centimetre-gramme 
attraction units, find the radii of two equal homogeneous 
spheres which, made of matter of density 6, would attract each 
other with a force of 1 gramme’s weight if they were placed 
in contact with each other. [98.95.] 

4, Assuming that 1 dyne is equal to 15,430,000 absolute 
c.g.s. attraction units and that 1 poundal is equal to 13,825 
dynes, show that if two equal homogeneous spheres of density 
p, when placed in contact, attract each other with a force of 


jf dynes, the radius of each is about 43.32 cm., and that 
p 


two equal homogeneous spheres of the density of water when 

‘in contact will attract each other with a force of 1 dyne, 1 
gramme’s weight, 1 poundal, or 1 pound’s weight, according 
as the radius of each in centimetres is 43.3, 242.2, 469.4, 
or 1118.5. 

5. Show that, having found the value of the attraction 
unit of force in any length-mass-time system in terms of the 
absolute unit of force in this system, you may find the value 
of the attraction unit of force in any other system the ratios 
of the fundamental units of which to those of the old system 


2 
are X, w, and 7, by multiplying the found value by om 


6. Show that if two homogeneous spheres of mass m, and 
Ms, Starting from rest with centres at a distance a apart, move 
toward each other under their mutual attraction, and if at any 
time ¢, x represents the distance between the centres, 


D2x = AM te, Da= RAE K (my + Mz) (a — #) 


AX 
e 


MISCELLANEOUS PROBLEMS. 339 


NTE {Ve@= + acosty et 
Notes {ve@=#) 2 a tan-\/" = h. 


Hence prove that if the spheres are each one foot in diam- 
eter and of density equal to the earth’s mean density, and if 
their surfaces are } of an inch apart at the start, they will 
come together in about five minutes and a half, In this con- 
nection we may note that if M is the mass of the earth, Z# its 
radius, p its mean density, and & the gravitation constant for 
the particular units used, 


If the first sphere is fixed while the second, of mass mz, is 
free to move, 


—km AL km, (a — 3) 
pL aes 1 = 1 
Da = a Da=-—: a ’ 


ca pt_{ Ve@= 9+ avos yeh. 


If in this case the radius of the fixed sphere is 7, and if m, 
is comparatively small and a infinite, the velocity with which 
the second sphere reaches the surface of the first is some- 
times called the final velocity for bodies falling to the fixed 


km, 


sphere. Its value is \ z ,or V2 f.7, where f is the force 


iy 
of gravitation at the surface of the fixed sphere. 

Show that if the diameter of the sun is 109.4 times that 
of the earth and its mass 331,100 times the earth’s mass, 
the final velocity for bodies falling into the sun is 55 times the 
final velocity for bodies falling into the earth. The radius 
of the earth being 6.37 x 10° centimetres, show that the 
final velocity for bodies falling to the earth under the attraction 
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of the earth only is nearly 11,180 metres (or about 7 miles) 
per second. 

7. Show that if a meteor falls upon a planet with velocity 
equal to that which it would acquire if it fell from rest at an 
infinite distance from the planet under the planet’s attraction, 
its kinetic energy will be proportional to the product of the 
radius of the planet and the force of gravity on its surface. 

8. Given that a failing body reaches the earth’s surface 
with a velocity vo, compute the height through which it has 
fallen from rest, first, on the assumption that the force which 
urged it was constant, and, secondly, on the assumption that 
the force varied inversely as the square of the distance of the 
body from the earth’s centre, and prove that the difference 
between the reciprocals of the answers you obtain is equal to 
the reciprocal of the earth’s radius. 

9. Given the radius of the earth in centimetres (6.37 x 105), 
the mass of the earth in grammes (6.14 x 10”), the radius of 
the sun (6.97 x 10"°), the mass of the sun (2.03 x 10%), and 
the mean distance between the centres of the earth and sun 
(1.49 x 10”), find the time when the sun and earth would come 
together, if both were arrested in their paths. Prove that the 
acceleration due to gravity is at the sun’s surface about 27.6 g. 

10. A body of mass m falls from rest near the surface of 
the earth and is retarded by the resistance of the air, which 
is Av? dynes when the velocity is v. Show that if s represents 
the space passed over up to the time ¢, and if p= A/m and 
C= 9/p, 2 ct =log[(e + v) /(c—v)], 2 ws = log[c? / (e?—v*)], 
v? = ¢? (1 — e~?"*), and ws = log cosh (ct). 

Show that if the body were thrown upward with initial 
velocity v, we should have tan (uct) = e(v») — v) / (c? + wv). 

If in the case of the falling body v is the actual velocity 
and v' the velocity which would be required by falling 
through the same distance in vacuo, 


vw fvlit=1— fv? /2 + 2" Jct — gyu'?/co& + --., 


MISCELLANEOUS PROBLEMS. 841 


11. Show that the periodic time of a planet moving about 
a fixed sun of mass m in a circular orbit of radius 7 is 
2 rr / Vim, where 1/k is the ratio of the absolute unit 
of force in the given length-mass-time system to the corre- 
sponding attraction unit; and, assuming that the diminu- 
tion of gravity at the equator due to the earth’s rotation is 
about 5},th of the whole, and that the mean distance of the 
moon from the earth’s centre is about 60 times the earth’s 
radius, compute the length of the month. 

12. When a particle moves in any plane curve, the tangen- 
tial and interior normal acceleration components are Dv and 
v? /p, while the acceleration components, taken along and per- 
pendicular to the radius vector which joins any fixed point in 
the plane used as the origin of a system of polar coérdinates, 
to the particle, are D?r — r(D,0)? and D,(r?- D6) /r respec- 
tively. If the resultant acceleration is always directed 
towards the origin, D,(7?D,0) = 0 and r’. D6 =h, so that the 
areas of the sectors swept over in: any two time intervals by 
the radius vector are to each other as the lengths of the inter- 
vals: if p represents the perpendicular let fall from the origin 
upon the tangent to the path, vp = 7° D@=h 

The acceleration towards the origin is 


R =r (D$)? — D?r, 
and, if w represents the reciprocal of 7, this may be written 
hu? (u + Deu). 
Since vi = hh? [u? + (Dou)*), 
4 D, (v)? = Du (u + Deu) = — B- Dy. 
In the case of a planet describing a plane orbit about a 
fixed primary centred at the origin 


R= pr? = hu? (u + Dou); or Dz + 2=0, 


2 
where a=u— i so that u = 45 + C sin (9 — A). 
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This is the equation of a conic section referred to a focus as 
origin: if eis the gee and m the distance of the focus 
from the directrix, C= —1/m and h?/p?=em. The angle 
between the radius vector, drawn from the origin to any point 
on the orbit and the tangent at the point, is given by the 
equation, ctn y = —r-C-cos(@—A). Assuming that, when 6 
is zero, y=a, r=a, and v= %, show that h = va-sina, and 
1— & =(2 p? — v?a)h? /ap*. Discuss separately the three 
cases where v,? is respectively less than, equal to, and greater 
than 2 »? /a, and find the lengths of the semiaxes of the orbit. 
Show that, if a = 90° and if v,2a = p?, the orbit will be circu- 
lar; show also that, if 7 is the periodic time of the planet 
and a the semiaxis major of its orbit, p77? = 47a’. 
13. Assuming that the ak 


ime JP Wee a een GREE GET 7 i Ginks 4), 


=! kasin? ¢ 


where sin ¢d-sin}a= sin} 6, and a is the angular amplitude 
on one side of the vertical, gives the time occupied by a 
simple pendulum of length a in going from the vertical 
position to a position in which the thread makes the angie 6 
with the vertical; and that the complete time of swing is 


- 
Dey (+) sin? }a+%,sintha+---]; 


assuming also that a rigid body swinging about a horizontal 


axis under gravity moves like a simple pendulum of length ~ 


k? /h where h is the distance of the centre of gravity from the 
axis and */ is the radius of gyration; show how a pendulum 
may be used to measure the force of gravity at a point. 

If the earth were a homogeneous sphere, would a clock 
which at a given temperature keeps correct time on the 
earth’s surface lose or gain at the same temperature at the 
bottom of a deep mine? Assuming that if g, and go are 
the accelerations due to gravity at sea level, in latitude \ and 
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at the equator respectively g, = (1 +.005226 sin? d) and 
Jo = 978.1; show that the lengths of the seconds pendulum 
at the north pole, in latitude 45°, and at the equator, are about 
99.6 centimetres, 99.3 centimetres, and 99.1 centimetres. 

A pendulum which beats seconds on the earth’s surface 
gains m seconds per day in a mine / metres deep. Show that 
if po is the mean density of the earth and p the density of the 
surface stratum, 


i earl ep ; 
86400 ~ 4-407 (2 z ) approximately. 


14, Assuming that the earth is a homogeneous sphere, of 
radius 6.37 xX 10° centimetres and of 
mass 6.14 x 10” grammes, rotating 
uniformly ‘about its axis in 86164 
seconds, so that the velocity of a point 
on the equator is about 463 metres per 
second, show that the angular veloc- 
ity of the earth is 0.00007292 or 
about (13713)~' radians per second, 
and that the downward acceleration at 
the equator is by 3.39 centimetres per “Fie. 129. 


second per second, or about non less than the acceleration, G, 


at the poles. Show also (Fig. 122) that the acceleration of grav- 


2 
ity towards the earth’s centre at the latitude A is a(4 = ae 9) ) 


sin A cos AX 


Fry EON 7 and the 


the deviation of the plumb line tan7! ( 


le phe ge 
horizontal component of apparent gravitation 389 sin A COS A. 


15. If in the case of any homogeneous spherical body 
rotating. uniformly about its axis, the polar gravity accelera- 
tion and the equatorial gravity acceleration be g, and g, 
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respectively, the acceleration of gravity towards the earth’s 
centre in latitude A is (g, sin?A + g, cos?) and the deviation 
of the plummet from the geometrical vertical is 


(Yp — Ge) Sin d Cos r (a a)sin dues |, 


= 
oes Jp Sin? A + g, COS” r 


16. A bicycle and its rider weigh together 75 kilogrammes. 
Show that if the machine were driven first eastward and then 
westward in this latitude at a velocity of 10 metres per second, 
the difference between the pressures on the ground in the 
two cases would be about 16.5 grammes. 

17. Thecentre of a planet of radius a moves around a sun of 
mass M in a circular orbit of radius 7. Compute the pressures 
exerted on the surface of the planet by two equal particles, each 
of mass m, situated respectively on the points of the planet 
nearest and farthest from the sun. Show that the difference 
between these pressures is small compared with the difference 
between the attractions of the sun upon these particles. 

What is the difference between the apparent weights of a 
body of mass m on the earth’s equator about September 21, at 
noon and at midnight ? 

18. Two rods AB and CD, both of line density p, are placed 
parallel to each other. Show that the force on either in the 
direction of its length is 

pt { to fae CD Bas BDC D 
AC +AD— CD BC+ BD— CD 
The component of the mutual attraction perpendicular to the 
rods is 2p?(BC — BD — AC + AD) /r, where r is the perpen- 
dicular distance between them. 

19. The sides of a triangle are formed of three thin uni- 
form rods of equal density. Prove that a particle attracted 
by the sides is in equilibrium if placed at the centre of the 
inscribed circle. [M. T.] 
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20. Every particle of three similar, uniform rods of infinite 
length lying in the same plane, attracts with a force varying 
inversely as the square of the distance: prove that a particle 
subject to the attraction of the rods will be in equilibrium, if 
it be placed at the centre of gravity of the triangle enclosed 
by the rods. [M. T.] 

21. The attraction of the straight rod AB at a point P 
is the resultant of two forces, each equal to f, acting at P 
towards the extremities of the rod, 
where f=2m-AB/[(AP + BP) — AB’). 

Find the value of f when P lies on an ellipse the foci of which 
are the extremities of the rod. [Routh.] 

22. If the direction at the point O of the attraction of every 
portion of a uniform plane curvilinear wire bisects the angle 
subtended at O by that portion, the wire is either straight 
or has the form of a circumference with centre at O. [Routh.] 

23. If the law of attraction be the inverse square, two 
curvilinear rods in one plane exert equal attractions at the 
origin if the densities at points on the two rods on any radius 
vector drawn through the origin are proportional to the per- 
pendiculars from the origin on the tangents. [Routh.] 

24, Prove directly from the formula for the attraction of a 
slender straight wire, that the attraction at a point P, due to 
an infinite homogeneous cylinder of any form, is twice that of 
so much of the cylinder as is cut off by a double cone formed 
by the revolution about a line through P, parallel to the 
generating lines of the cylinder, of a line which cuts this line 
at P at an angle of 60°. 

25. A uniform wire AB in the form of a circular arc has 
its centre at O. Prove that the component of the attraction, 
at any point P, in a direction perpendicular to the plane 
containing P and the normal at O to the plane of the arc, is 
ap (1! — 7271) /h, where r, = AP, r = BP, his the projection 
of OP on the plane of the arc, and p the line density of the wire. 
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26. Prove that the attraction in the direction PO at a point 
P on the circumference of a circle the centre of which is O, 
due to an infinitely long, straight filament of given density 
passing through a point @ in the circumference and perpen- 
dicular to its plane, is the same wherever the point @ is. If 
the filaments of a homogeneous columnar distribution of given 
mass per unit length are so arranged that the cross-section is 
a circle passing through a point P, the attraction of the 
distribution on P will be a maximum. [ Tarleton. ] 

27. A water tower in the shape of a cylinder of revolution 
is 100 feet high and 10 feet in diameter. The mass of the 
tower and contents is 8400 pounds per foot of height. With- 
out the help of pencil or paper, guess, to within one per 
cent of the truth, the value in f.p.s. attraction units of the 
horizontal component of the attraction due to the tower at a 
point at its foot just outside it. 

28. Prove that at a point on the edge of an infinite homo- 
geneous cylinder of semicircular cross-section, the components 
of the attraction across the plane face perpendicular to the axis, 
and normal to the face, are taku and 2 ak respectively, and 

! 
show that gravity is diminished by the fraction neat at 
0 
the middle of the surface of a long straight canal of semi- 
circular section, a being the radius of the semicircle, 7 the 
radius of the spherical earth, p' the density of water, p that 
of the surface stratum of the earth, and py the earth’s mean 
density. The corresponding quantity in the case of a canal 


of rectangular cross-section of depth a and breadth 2 a is 
a+2-log 2 3a ag 


Tv 4r Po 


29. An infinitely long homogeneous prism has a rectangular 
cross-section of length a and breadth 6. Assuming that 


Jos + x) da = x-log (a? + 22) — 2% 4 2a tan-! (a /a), 
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show that at any point on one of the edges the components of 
the attraction along the sides a and 6 of the cross-section 
through the point are 


kp $2a tan~*(b/a)+ 6 -log[(a? + b?) /67] 
and kp $26 tan~*(a/b)+ a-log[ (a? + 6?) /a*]}. 


If the ratio of 6 to a is large, the first of these quantities is 
nearly equal to zapk. Show that the apparent latitude of a 
point on one edge of a long, deep, narrow crevasse of breadth 
a, running east and west, is altered by the angle 3pa/4 pr, 
nearly, by the presence of the crevasse. [Thomson and Tait. ] 

30. Assuming that the attraction of a homogeneous cylinder 
of revolution, of density p, radius a, and height /, upon a unit 
particle at the centre of one of its ends, is 


a eal) Ge sbeilees ae 
2nkpa|1— Fe tea Boag BT | 

h thos ie  aboaloss 767 
¥ nigh |1— pet eG aga wt |? 


according as a is small or large compared with f/, and con- 
sidering that the mean surface density of the earth is 3 times 
and the mean density of the whole earth 5.5 times the density 


‘ : 6h ee 
of sea water, obtain Siemens’s expression, ae for the dimi- 


nution of gravity at a point on the ocean where the depth is h. 
Is the intensity of gravity at the centre of the mouth of a ver- 
tical mine shaft 20 feet in diameter appreciably less than 
before the shaft was dug? Show that if =a, the attraction 
due to a cylinder of revolution, at the centre of one of its 
ends, is 2 rkpa (2 — V2). The attraction due to the earth 


2 
at a point P at a height / above the surface, is ores ee 
9 
Vda =) approximately, where r is the ie of the 
vi 


earth. If po is the earth’s mean density, g = 4rkpyr. If P is 
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at the centre of a wide plateau of height # made of matter of 
density p, the additional attraction due to the plateau is about 
2 nkph, or 3 gph /2 por, so that if p = 4 po, the whole attraction 


§ 5h 
is nearly (4 = = 

31. A vertical solid cylinder of height a and radius r is 
divided into two parts by a plane through the axis. Show 


that the resultant horizontal attraction of either part at the 
centre of the base is 


2 pa-log 


32. A right circular cylinder is of infinite length in one 
direction and is homogeneous. Prove that if the finite extrem- 
ity be cut off perpendicularly to the generators, the attraction 
2Mk 


se 
a 


on a unit particle placed at the centre of this end is 


, 


where M is the mass per unit of length. If the cylinder be 
elliptic, of the same density and mass per unit of length as 
before, and of eccentricity e, then the attraction will be n 
times the former value, where 


wee = ays eee 3 
gO) aiacrear 

33. A homogeneous, right circular cylinder of density p 
stands on the plane z=0, and is infinite in the positive 
direction of the axis of z. Show that the z component of 
its attraction at a point P of its base is kpl, where Z is the 
perimeter of an ellipse having the base for the auxiliary circle 
and P for one focus. 

34. Show that the attraction at any outside point P, due 
to a uniform plane lamina of any shape, yields a component 
normal to the lamina, equal to the product of the solid angle 
subtended at P by the lamina, and a quantity which does 
not depend upon P’s position. 
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35. Show that the component perpendicular to its axis, of 
the attraction of a thin, homogeneous, circular, cylindrical 
sheet of height 2 and radius a, has at any point on one 
of the circular bounding edges of the cylinder the value 

4m nr) a 
SS. | —_———, where «? = ——_.- 
wa Va+ h?do V1 — x? sin®y’ Sate He 


36. An infinitely long plane sheet of constant width has 
a small thickness § and is made of homogeneous matter of 
density p. This strip cuts a plane perpendicular to its long 
edges in the line 4B: show that the attraction of the strip at 
any point P in this plane has a component 2 kpd log (PB/ PA) 
parallel to AB, and a component 2 kp. Z APB perpendicular 
to AB. 

37. Every diameter of a certain circle subtends a plane 
angle 26 at a certain point P on the axis of the circle ; show 
that the circle subtends at P the solid angle 2 (1 — cos 6). 

38. Compare the attractions, at the vertex of a homoge- 
neous oblique cone which has a plane base, due to the whole 
cone and to so much of it as lies between the vertex and a 
plane which bisects at right angles the perpendicular drawn 
from the vertex to the base. 

39. Prove the truth of the theorem which Newton states 
in the following words: “Si corporis attracti, ubi attrahenti 
contiguum est, attractio longe fortior est, quam cum vel 
minimo intervallo separantur ab invicem: vires particularum 
trahentis in recessu corporis attracti, decrescunt in ratione 
plusquam duplicata distantiarum a particulis. Si particula- 
rum, ex quibus corpus attractivum componitur, vires in recessu 
corporis attracti decrescunt in triplicata, vel plusquam tripli- 
cata ratione distantiarum a particulis, attractio longe fortior 
erit in contactu, quam cum trahens et attractum intervallo vel 
minimo separantur ab invicem.” [Phil. Nat. Princ. Math, 
Sectio XIII. ] 
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40. Two homogeneous solids made of the same material 
are bounded by similar surfaces. Show that the intensities 
of their attractions at two points similarly situated respec- 
tively with regard to them, are in the ratio of the correspond- 
ing linear dimensions of the solids. Hence prove that the 
attractions at points on a given diameter inside a solid homo- 
geneous ellipsoid are proportional to the distances of these 
points from the centre. 

41. Prove that the attraction, at very distant points, of any 
system which has an axis of symmetry, may be represented as 
emanating from two equal poles of the same sign situated on 
the axis. 

42. Show that the component, at the origin, in the direc- 
tion of the x axis, of a given particle m, is the same wherever 
on the surface m - cos (a, r) /r? =c, where ¢ is a given constant, 
the particle lies. If it is anywhere without the surface, the 
component will be less than if it were anywhere within. 
Hence prove that the attraction of a given mass J/ for a point 
on its surface will be greatest if the boundary of M, referred 
to the given point, is a surface of the family cos 6 = X- 7%. 

43. If the earth be considered as a homogeneous sphere of 
radius r, and if the force of gravity at its surface be g, show 
that from a point without the earth, at which the attraction is 


n—1 


al 
me the area 2 mr? (a - y=) on the surface of the 


earth will be visible. 

44, The laws of attraction for which the attraction of a 
homogeneous shell on any external particle is the same as if 
the shell were concentrated at its centre, are the “law of the 
inverse square” and the “law of the direct distance.” 

45. Whatever may be the law of attraction, the intensity 
of the force exerted by the smaller of two concentric solid 
homogeneous spheres at any point on the surface of the larger, 
is to the intensity of the force exerted by the larger at any 
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point on the surface of the smaller, in the ratio of the square 
of the radius of the smaller to the square of the radius of the 
larger. [Minchin. ] 

46. Prove that if J be an external point and C the centre of 
a sphere, the sphere on /C as diameter, the sphere with centre 
Zand radius JC, or the polar plane of J, will divide the sphere 
into two parts which exert equal attractions at J, according 
as the law of attraction is the inverse square, the inverse cube, 
or the inverse fourth power of the distance. [St. John’s 
College. | 

47. Two sectors are cut from a homogeneous shell bounded 
by two concentric spherical surfaces of radii 7, and*7, by a 
conical surface of revolution of half angle @ and with vertex 
at the centre O of the shell. The attractions at a point P 
without the shell on the axis of the cone, on its inner side, 
at a distance c from O, due to the portions of the shell which 
lie respectively without and within the cone are 7, and F,. 
Show that F, is equal to the difference between the values 
when r=7r, and r=7, of a quantity A, and that /, is equal 
to the difference between the corresponding values of a 
quantity B where 


A= yok Gr? —2¢ + ¢ cos’ @ + 3 re cos 6) 
+ c cos 6 sin? @- log (wt + r — ¢€ cos 6) ], 
By = PERE [yeh ob A — Yet + cont O-+ 4 00 0086) 


— cos @ sin? 6- log (w + 7 — € cos 6)], 
and w = c?+ 7? — 2 cr cos 86. 
The attractions of the halves of the shell farthest from P 
and nearest to it are 


ara Ge 1) Gane oC) Nog oF 


to ee 2 aN Tae Or |; 
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and z a [Cre — 732) + (re? — 2.02) Vix? + 
Saye a) Vr2 + 0] 


respectively. If the mass of the whole shell is M and if the 
shell is thin, the attractions at P due to the sectors are 


kM r—ccos 6 kM r —ccos6é 
(a PE ja na FM (a+ re ) 
where Z is any point on the common rim of the sectors. 

48. Prove that the attraction due to a homogeneous hemi- 
sphere of radius r is zero at a point in the axis of the hemi- 
sphere distant 3r approximately from the centre of the base. 

49. A segment of height h, cut from a homogeneous sphere 
of density p and radius a by a plane distant a — h from the 
centre of the sphere, attracts a unit particle on the axis of 
the segment at a distance 0, greater than the radius, from 
the centre of the sphere, with a force 


2rkp| b+ st { ee + 3ac)e—(2¢? +3.ac+ ah + ch) 
VE+ Bch +200 | |, where = b—a. 


If c= 0, this becomes 2 rkph {1 = av} - Assuming this 


to be true, show that the attraction of a homogeneous hemi- 


sphere upon a particle at its vertex is to the attraction of the ~ 


circumscribing cylinder of the same density as 529 to 586, 
nearly. Show that the attraction, at its vertex, of a slice 
2 miles thick cut from the earth, and the attraction of 
an infinite disc of the same thickness and density upon a 
point at the centre of one of its faces, differ by about one 
per cent of either. 

50. Show that if the earth were made up of two homogeneous 
solid hemispheres of densities p and p’ separated by the plane 
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of the equator, the deviation of the plumb line from the zenith 


at any point of the equator would be tan—'! € te “. 
7 pt+p' 

51. Show that the attraction at the origin due to the homo- 
geneous solid bounded by the surface obtained by revolving 
one loop of the curve r? = a*-cos 2 6, is } rakp. 

52. A mountain of the form of a surface of revolution with 
vertical axis and elliptic outline stands on a horizontal plane 
which contains the centre of the ellipse. Find the horizontal 
component of its attraction at a point of the base. Show that 
if the mountain is 2 miles high and 4 miles broad at the base, 
and if the density of the mountain and of all the matter in its 
neighborhood is half the mean density of the earth, the plumb 
lines close to its base on the north and south sides will make 
with each other an angle greater by about 51 seconds of arc 
than the corresponding difference of geocentric latitude. 

53. The attraction at the point (0, 0, — 0) of so much of the 
homogeneous paraboloid a + y* = dz as lies between the 
planes 2=0,2=/h is 


2 xkp {h—V(b+h) + hr +b —$2-log(2b + $A) 
+4r-log(VO+hPFEAA+O+A+4A)}. 


54. If a body M be divided into two rigid portions, A and 
B, the resultant action of each portion upon itself is nil, and 
the attraction between A and B is the same mathematically 
as the attraction between Mand B. To find, therefore, the 
attraction between two equal homogeneous hemispheres so 
placed as to form a sphere, we may integrate through either 
hemisphere the product of the density and the component 
normal to the flat face of the hemisphere, of the attraction due 
to the whole sphere. Show that the result is 3 4M?/16 a”. 

55. Show that the resultant attraction between the two 
parts into which a homogeneous sphere is divided by a plane 
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is equal to the mass of either part multiplied by the intensity 
of gravitation at its centre of mass. 

56. Prove that the pressure per unit of length on any 
normal section of a spherical shell of mass M and radius a, 
due to the mutual gravitation of the particles, tends to the 
limit kM?/16 7a’, as the thickness of the shell is indefinitely 
diminished. [M. T.] 

The mass of the unit length of an infinite homogeneous 
cylinder of revolution of radius a which is divided into two 
parts by a plane through its axis is M. Show that the pres- 
sure between the two parts due to their mutual attractions is 
4kM?/3 7a per unit length of the cylinder. 

57. If & and S denote the components of attraction of a 
gravitating system symmetrical with respect to a straight 
axis, taken along and perpendicular to the axis, then 

DER + DS + S/r= 0, 
where r and z are columnar coérdinates. [St. John’s College. ] 

58. If the point of application of a force # move by the 
path s from the point A to the point B, the force is said to 
do work during the journey, equal in amount to the line inte- 
gral taken along s of the tangential component of F. If the 
components of / parallel to the coérdinate axes are X, Y, Z, 
and if dx, dy, dz are the projections on these axes of an 
element ds of the path, we have the expressions 


B 

w= f F. cos(s, F’) ds 
= if F [cos (a, s)- cos (a, F’) 
+ cos (y, s) - cos (y, #’) + cos (2, s) - cos (z, #)] ds 
=f [X-c0s(x, s) + Y-cos(y, s) + Z- cos (z, s)] ds 


B 
=f Le ee ae. 
A 
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If a function Q exists such that 
X= D0, Y=D,0,Z= Do; W= {ao =0,—-,: 
A 

such a function is called a potential function or a force 
Junction of the given force. The work done by a force which 
has a potential function, when its point of application moves 
completely around any closed path, is zero, and such a force 
is said to be conservative. The work done by a conservative 
force as its point of application moves from A to B is inde- 
pendent of the path s. 

Prove by actual integration along the different paths, that the 
work done by the force X= 32?+ 2y, Y=4y2+ 22, Z=0, 
when its point of application moves from the origin to the 
point (2, 2, 0), is 32, whether the path be a straight line, or 
the parabola y? = 2 in the xy plane, or a combination of a 
straight line from the origin to (2, 0, 0) and another straight 
line from this point to (2, 2,0). Show that the derivative 
with respect to « of any function of the form 2? + 2ay+ f(y), 
where f is arbitrary, will yield X, and that, by a proper 
choice of f, the derivative with respect to y can be made equal 
to Y; so that a force function exists. Prove by actual inte- 
gration along the paths that the work done by the force 

A=3e27°+2y Y=47+24,7=0, 
as its point of application moves from the origin to (2, 2, 0), 
is not independent of the path. In this case no potential 
function exists, since it is impossible to give such a form to 
Jf, in the general expression [x*? + 2 ay +f (y)], which has X 
for its partial derivative with respect to x, that the partial 
derivative of the expression with respect to y shall be Y. 

Since the order of successive partial differentiations of any 
analytic function is immaterial, 


D,D,Q = D,D,OQ, D,DAQ = D,DQ, D,DQ = DDO 
or D,Z= D,Y, DX = D,Z, D,Y = D,X. 
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Show that this necessary condition for the existence of a 
force function is also a sufficient one. 

59. Prove that if we have matter attracted to any number 
of fixed centres with forces proportional to any function of 
the distance, or if we have matter every particle of which 
attracts every other particle according to any function of the 
distance between the particles, there exists a potential func- 
tion the derivative of which in any direction at any point 
gives the intensity of the force which would solicit a unit 
quantity of matter concentrated at the point to move in the 
given direction. 

60. If r represents the distance of any point Q on a sur- 
face S from a fixed point P, and if a is the angle between PQ 
and the normal to S at Q, drawn always from the same side 


of the surface, eae dS, taken over any portion of the sur- 
t 


face, gives in absolute value the solid angle subtended at P 

by this portion, and, in the case of a closed surface, this value 

is 47, 27, or 0, according as P is within, on, or without S. 
Prove that the volume of the solid enclosed by any surface S 


is the absolute value of $4 7 cos adS taken over the surface, 
whether P is within or without S. Show that it is possible 


to find an analogous expression, 4 iF rcosads, for the area 


enclosed by a plane curve, and explain in this case the 
notation. 

61. Show that the absolute value of the component parallel 
to the axis of x, of the force at a point P, within or without a 
homogeneous solid body of any form, due to the attraction of 


. ; cos (x, n) -dS ‘ ‘ 
this body, is pf : Ct » where m is an interior normal, 


taken all over the bounding surface; and prove that the 
component parallel to the axis of x of the force, at a point 
P, due to the attraction of a homogeneous infinite cylinder 
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with generating lines parallel to the axis of z, is of the form 
2 pf cos (x, n) -logr-ds, where the integral is to be extended 


around the contour of the section of the cylinder made by a 
plane through P perpendicular to the axis of z. 

62. The space within a closed surface S is filled with homo- 
geneous matter of density p. Prove that the value at the 
point P, of the potential function due to the distribution, is 


+p fi cosadS, where a is the angle which the normal to the sur- 


face, drawn inward at any point Q on it, makes with QP. 

63. Two distributions of gravitating matter possess a com- 
mon closed equipotential surface. Prove that if all the 
matter of both distributions be within this surface, the 
potentials at the surface due to the two distributions are to 
each other as the masses. 

64, Prove that if two different bodies have the same level 
surfaces throughout any empty space, their potential func- 
tions throughout that space are connected by a linear relation. 
That the level surfaces should be the same, it is only neces 
sary that the resultant forces due to the two bodies shoula 
coincide in direction. 

65. Show that if two distributions of matter have in 
common an equipotential surface which surrounds them 
both, all their equipotential surfaces outside this will be 
common. 

66. Show that if we have matter every particle of which 
attracts every other particle with a force proportional to the 
nth power of the distance, the attraction at any point within 
a quantity of the matter will be infinite if n+2< 0. 
[ Minchin. ] 

67. Show that if u, v, and w are any three solutions of 
Laplace’s Equation, 


Vv? (wvw) = u-y? (vw) + v-y? (uw) + w-y? (ur) 
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68. Show that the potential function due to a solid hemi- 
sphere of radius a and density p, at an external point P 
situated on the axis at a distance € from the centre, is 


y==ze fat] at+eyi—e— Sate \, 
the upper or lower sign being taken according as P is on the 
convex or plane side of the body. 

69. A sphere with centre at the origin has a radius r and a 
density given by the law p=ax+by+ cz. Prove that the 
value at any external point (a, y, 2), at a distance # from 
the origin, of the potential function due to the sphere, is 
Amr’ (ax + by + cz) /15 B®. 

70. An infinite cylinder of radius a has a cylindrical cavity 
of radius 6 cut out of it. The axes of the cylinders are 
parallel but not coincident, and the surfaces do not intersect. 
Show that the equipotential surfaces are cylinders the equa- 
tions of which are: 


(i) 7,7 — 7? = OC, within the cavity; 


Ci} 4A 2b? log . = C, within the mass ; 


(iii) a? log (%:) — b* log (#) = C; in outside space; 


where 7, and ”, are the distances from the axes of the cylinder 
and cavity respectively. 

71. From a homogeneous sphere of density p and radius a 
is cut an eccentric spherical cavity of radius 6. The distances 
of any point P from the centre of the sphere and the centre 
of the cavity are r, and 7, respectively. Show that V>,, the 
value of the potential function at P, is given by the first, 
second, or third of the subjoined equations, 


Pianta | Vet Qent aap ath, 
agp 
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according as P is within the cavity, within the mass, or with- 
out the mass. Indicate by a rough drawing the form of a 
line of force within the cavity. 

72. Show that the lines of force due to a uniform straight 
rod are hyperbolas which have the ends of the rod for foci. 

73. Show that formula [59] might be written 

V>=p-log(ctn 4 PBA -ctn 4 PAB). 

74. A number (nv) of equal, infinitely long, homogeneous, 
straight filaments, all parallel to each other, cut the zy plane 
normally in points which le uniformly distributed on a cir- 
cumference of radius a with centre at the origin. One of 
these points is at the point (a,0). Show that the value of the 
potential function at the point (7, @) is 


m- log (7?" — 2 a" cos n6 + a?”). 


75. If the law of attraction were that of the inverse nth 
power of the distance, we should have 


VV = (9-2 ff fA 


If the density had the same sign throughout a distribution of 
matter, the potential function could not be constant in any 
region of empty space unless m were equal to 2. 

76. In the case of matter every particle of which attracts 
every other particle with a force proportional to the product 
of their masses and a function (f) of the distance, we have 


VV = (e ff ii [2 f(r) /r+f'(r)] pdr. Show that V cannot 
satisfy Laplace’s Equation unless f(r) = K /7”. 
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77. If instead of the polar codrdinates r, 6, ¢, the independ- 
ent variables are 7, p, ¢, where » = cos 6, Poisson’s Equation 
becomes 


D,(r?- D,V) + Dy [(1 — p) Dy VJ + D%V / (1p) = — A npr’. 


78. If instead of the spherical codrdinates 7, 6, ¢, the coor- 
dinates u, w, p be used, where u=1/r, and w = log tan 44, 
Laplace’s Equation becomes 


sin?(2 tan—! e”) a. D?V +:'DsV + DV =0. 


79. Show that if matter be distributed symmetrically about 
an axis, and if 4a, 4a' be the latera recta of the two confocal 
parabolas, with this line as axis, which meet at any point, 
Laplace’s Equation may be written in the form 


D, (aD, V) + Dy (a'DyV) = 0. 


80. Prove that at the surface of an attracting body, D,?V, 
DV, D?V are discontinuous in such a manner that if m repre- 
sents an interior normal drawn to the surface, the values of these 
quantities at any point just within the attracting mass are 
smaller than at a neighboring point just without, by the 
quantities 4 mpcos*(a, ), 4 apcos*(y, n), 4p cos? (z, n), 
respectively. 

81. A portion of a spherical surface is occupied by a thin 
shell of matter of uniform density o, which attracts according 
to the Newtonian Law. Prove that the value, at any point on 
the remaining portion of the surface, of the potential function 
due to this distribution of matter, is @aw, where a is the 
diameter of the sphere and wo the solid angle subtended at the 
point by the contour of the portion of the surface occupied 
by matter. 

82. Show that in so far as a transformation from one set of 
rectangular axes to another is concerned, D,?7V + D,?V + D?V 
and (D,V)? +(D,V)? + (D,V)?’ are differential invariants. 
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83. The potential function at all points external to the 
sphere Re pe wed a 
a’ (ax? + By? + ye? + 2 a'yz + 2 Bluz + 2 y'xy) /7°. 


Show that if there be no matter in this region, a, 8, and y must 
satisfy a certain relation. Show that if inside the sphere the 
density be uniform, the value there of the potential function 
will be 


is 


e+ da? + py? + v2? + Zalyz + 2 plex + 2 y'xy, 


where c, A, w, and vy are known. Find the condition that under 
these circumstances the Seana ee a inside the 


sphere should be ellipsoids similar fo Z+e Beis Cs = 1. 


84. Prove that if f $ (r)- dr = x(r) and f r-x(r)dr=y(r), 


and if ¢, x, and y ak at infinity and are finite for finite 
values of r; mm! x (r) represents (1) the work done under an 
attracting force mm! ¢ (r) in bringing a particle of mass m! 
from infinity to a point distant r from another mass m; 
(2) the component, parallel to the rod, of the attraction of a 
particle m on a straight slender rod of line density m', if the 
end of the rod is at a distance 7 from m and the other end at 
infinity. Show also that 2 zom- yw (z) represents (1) the work 
done in bringing from infinity to a point distant z from a thin 
lamina of surface density o, a particle of mass m; (2) the 
attraction of a particle m, placed at a distance z from the plane 
surface of an infinite solid of constant density o. 

85. Show that if s represents a direction which makes the 
angles a, 8, y with the codrdinate axes, 


DV = D,2V cos?a + D,?V cos? B 
+ D?V cos* y + 2 D,D,V cos a cos B 
+2 D,D,V cos B cos y + 2 D,D,V cos y cos a. 
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86. When the line of action of the attraction of a body at 
every point of external space passes through a point O fixed 
in the body, the body is said to be centrobaric and O is called 
the baric centre. The lines of force in external space are 
straight lines passing through O, and the equipotential surfaces 
are spherical surfaces with centre at the baric centre. Show 
that the whole external field must under these circumstances 
be the same as that due to a mass equal to that of the body, 
concentrated at O. Show that if at internal points also the 
line of action of the force always passes through O, the density 
of the body is a function only of the distance from 0. The 
centre of gravity of a finite centrobaric distribution is the 
baric centre. A distribution cannot be centrobaric unless 
every axis drawn through its centre of gravity is a principal 
axis. If for any finite space outside it a body is centrobaric, 
it must be centrobaric for all the rest of outside space. A 
distribution which consists of a spherical distribution and a 
distribution the potential function due to which at all outside 
points is zero is evidently centrobaric. 

87. Show that if O is a fixed origin within or near a 
distribution M' of attracting or repelling matter, if P' is any 
point of W/' and P any point without JZ' more distant from 
O than any point of M' is, and if P = (a, y, 2), P'= (#', y', 2'), 
OP =r, OP'=7r', POP'= ¢; the value at P of the potential 
function due to J' is equal to 


i, 2r'-cosp , 12 ]-4 dm 
ren ff [teeta tte 

eee es f By 

kes seed hi gb: -cos 6: dm 

tof ffe et — 3 rt. gin%p) dam! + - tee 
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Show that if A, B, C, and J are the moments of inertia of M' 
about the coérdinate axes and about OP respectively, 


A+B+O=f ff 2r%dm’ and T= ff fr? sin’ dm, 


and that if O is the centre of gravity of M', the second term 
of the development vanishes so that 


Vp=M'/r+(A+B+O-81)/2r4+.... 


If M' is centrobaric and if O is the baric centre, V is a func- 
tion of r only and the coefficients of 7 in the general develop- 
ment are to be considered as constants. 

88. If the law of attraction is expressed by any function, 
¢'(r), of the distance, the intensity of the attraction of any 
homogeneous solid, estimated in a given direction, at any 


point P, is expressed by the surface integral af $(r)-cosr- a8, 


where r is the distance from P of any point on the surface 
bounding the solid, dS the element of this surface, and A the 
angle made by the normal to the element with the given 
direction. [ Minchin. ] 

89. The function f (#?y) can satisfy Laplace’s Equation 
only if » =1, or —1, or 0. 

90. The invariable line which joins the centres (Ay, By) of two 
homogeneous spheres, A and B, moving under their mutual 
attraction, revolves with uniform angular velocity, w, about 
the centre of gravity, C, of the two. One of the spheres, 4, 
does not rotate, but every line in it remains parallel to itself 
during the revolution. Show that every particle of A moves 
in a circle of radius equal to the distance of A’s centre from 
C, and is at every instant at the end of a diameter parallel 
to B,Ay. Under these circumstances a loose particle at D on 
A’s surface must in general be constrained to keep it moving 
in its path. 
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If we denote the radius of A by a, the distances By)Ay, CA 
by d and 7, and the mass of B by WV, the resultant force on a 
- particle of mass m resting on A at D [Fig. 123] has the 
intensity mor = kmM/d? and a direction DZ parallel to 
A,Bo, while the attraction of B upon the particle has the inten- 
sity kMm / B,D’ and the direction DB). Show that if a is 
fairly small compared with d, a constraining force equal to 
3 akMm (sin 2 6) / (2 d*), where 6 = CAD, must be exerted on 
m in a direction perpendicular to 4A,D to prevent its sliding 
on A’s surface. 

Assuming A to be the earth, of mass M' and radius a, and 
B, the moon, of mass ,;, M', with centre distant 60a from 


Fie. 128. 


the earth’s centre, prove that the maximum horizontal lunar 
tide-generating force on the earth’s surface is to the force 
of terrestrial gravitation as 1 to 11,500,000, nearly. Find 
approximately the “vertical tide-generating force” at the 
points on the earth’s surface nearest and farthest from the 
moon. 

[The student is strongly advised to read in this connection 
Prof. G. H. Darwin’s charming Lowell Lectures on the Tides. ] 

91. Supposing that a sphere of water is brought together 
by the mutual attractions of its particles from a state of 
infinite diffusion, and that the amount of work done by these 
forces is sufficient to raise the temperature of the sphere 
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1°C. Show that the radius of the sphere is about one- 
fortieth of the radius of the earth, if the earth’s radius be 
637 x 10° centimetres, and if one water-gramme-centigrade- 
degree be equivalent to 4.2 x 10’ ergs. [Minchin.] 

92. The value at any point (a, y, z) of the potential func- 
tion due to any system of attracting matter at a finite distance 
is V, the forces due to the attraction of this matter at any 
point (x’, y', 2') is F', the value at this point of the potential 
function V', and the density p'. Show that 


p= SSS (4 2p! V' — F'*) da'dy'dz' 
eee, AG ye a) eect (aes 8) 
where the integration takes in all space. 

93. Prove that the rise of sea level in a shallow sea caused 
by the attraction of a homogeneous hemispherical mountain 
of radius ¢ rising from it with its base at sea level, is approxi- 
mately p'c?/2 pa, where p' is the density of the mass of the 
mountain, p the mean density of the earth, and a its radius. 

94. A fixed gravitating sphere is partly covered by an ocean 
extending over the northern side of a parallel of colatitude X. 
A distant fixed gravitating body J is situated on the north 
axis of this small circle. Prove that if the self-attraction of 
the ocean be neglected, WZ will cause a rise of water at the 
north pole approximately equal to «x sin?4A, where «x is what 
the rise would be if the whole sphere were covered. 

95. Show that if a finite distribution consists of m units of 
positive matter and m units of negative matter, anyhow dis- 
tributed, it is possible to draw, with any given finite point as 
centre, a spherical surface so large that the whole flow of 
force through it, reckoned arithmetically, shall be as small as 
we please. Prove that the lines of force are all closed. 

96. Imagine any point P in empty space near a distribution 
of repelling matter to be taken as origin of a system of orthog- 
onal Cartesian codrdinates with axis of z coincident with the 
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normal to the equipotential surface which passes through P. 
V will then be given by an equation of the form V= f(a, y, ), 
where D,f, D,f vanish at P, and — D,f is the force # in the 
direction of the z axis. If Q is a point near P on the sec- 
tion of the surface V =V>p made by the «xz plane, and if we 
denote the codrdinates of @ by (Az, 0, Az), the radius of 
Ci 2 

curvature at P of this section is oe 0 (34), and Az is in 
general of higher order than Az. 


Vo= Vp+ Az-D,V + Az- DV 
+ LAz?. D2V-+ terms of higher order. 


Since V,=V>, and D,V vanishes at P, D,?V = -. Prove 
F 1 
similarly that D,?V = R 


2 


ier 
2 — ers —— 
Doe r(4 zx): 


Illustrate these results by an example. 

97. If a distribution of active matter is symmetrical about 
a straight line (the axis of x) and if r represents the distance 
of any point from this axis, the potential function involves 
rand « only and the equipotential surfaces are surfaces of 
revolution. Consider one of these surfaces, S,, on which V 


and then, by Laplace’s Equation, that 


has the value V,, and let the “flux of force” through so much ™ 


of S, as lies between some fixed plane (x = a”) perpendicular 
to the x axis, and the plane «=~, be represented by the 
function 2p, then if ds is the element of the generating 
curve of S, between x and x + Ag, and if ris the distance of 
ds from the « axis, the area of the strip of S, between x and 
x + Ax is approximately 2r-.ds, the flux of force through it 
is — 2 rr. D,V.ds, and this flux is the change made in 2 ru by 
increasing « by Aw. We may write, therefore, Du = — r. D, V, 


SI 
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and, if a is the angle which the exterior normal to ds makes 
with the z axis, 


Dy = Di yw sina — D,y-cosa, D,V=D,V-cosa + D.V-sina, 
and the equation becomes 
sina (Dy — r-D,V) — cos a (D,p + r-D,V) = 0. 


If this equation is to hold everywhere on every equipotential 
surface, the coefficients of sina and cosa must vanish and p 
is determined (apart from an additive constant to be chosen at 
pleasure) by the equations D,p = r-D,V, Dp = —r-D,V. 

Show that the values of » corresponding to the three 
familiar potential functions — Xya, Ma/(r? + «?)*, M/(r? + a2)! 
are 4X, 2°, Mr?/(r? + x)3, and — Max/(r? + a2)? Discuss the 
physical meanings of these results. 

The function » defined above is sometimes called “ Stokes’s 
Flux Function.” It is clear that the level surfaces of the 
functions V and yp, both of which are symmetrical about the 
x axis, cut each other orthogonally and that the generating line 
of any level surface of » is a line of force. Although any func- 
tion of » equated to a constant would serve to represent the 
forms of analytic lines of force, a special advantage arises from 
the use of pw itself from the fact that if p, and p, are flux 
functions corresponding to two different potential functions, 
V, and V,, due to two distributions of matter, M@, and M,, 
symmetrical about the w axis, yw; + pw, 1s a flux function of 
V,+ V., the potential function due to M4 and M, existing 
together. If generating lines of the p, surfaces be drawn 
in a plane, for the numerical values a, a+8, a+ 28, 
a+36,a+465, etc., and the lines of the p, surfaces for the 
values b,b+ 8, 64+ 28, 6+38, 6+ 46, etc., 8 being any con- 
venient interval, the intersections of the curves p, = a + né, 
pb, =b-+(m—n)é8 will be points on the generating lines of 
the surface p, + p.=a+b+méd. If, then, we fix m for a 
moment and give to m in succession different integral values, 
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we may get points enough to enable us to draw the line 
fa + pe =a+6+ mé with sufficient accuracy. This graphi- 
cal method of drawing lines of force (or equipotential surfaces) 
has proved in the hands of Maxwell and others extremely 
fruitful. Draw accurately several of the lines of force due to 
a charge 20 and a charge — 10 concentrated at points 4 inches 
apart. 

98. (a) Show that if P, P! are any definite pair of inverse 
points distant respectively 7 and r’ from the centre O of a 
spherical surface S of radius a, the ratio PQ /P'@ is equal to 
the constant a/r’ wherever on S the point Q may be. Hence 
show that if V is the potential function due to a heterogeneous 
surface distribution on S, 

Vp = Vp(a/r'yand Do( Vp) = — @-DVp-fr'*?— aV fr. 

(6) Prove that 7°/?- D,Vp + 7!°/?. D,, Vp = — (aVp- Vp) *"?. 

[ Routh. ] 

(c) Prove that as both rv and 7! are made to approach a, 
limit (D,Vp+ D,:Vp)=—V/a. (Stokes. ] 

99. If P, P' are any definite pair of inverse points with 
respect to a right section of an infinitely long cylindrical sur- 
face of revolution, and if @ be any variable point on the 
circumference, P'@) /P@ is equal to the constant 7//a. Show 
that if the cylinder be covered with a superficial distribution 
the density of which varies from filament to filament of the 
surface, Vp. — Vp = 2 log(r'/a) - M, where M is the amount of 
matter on the unit length of the surface. 

100. V is the potential function due to a volume distribu- 
tion of density p in the region 7 and a surface distribution of 
density o on the surface S. V' is the potential function due 
to a volume distribution of density p' in the region 7" and a 
surface distribution of density o' on the surface S'. Using all 
space as the field of Green’s Theorem, apply [145] to these 
functions and interpret the resulting equation as giving an 
expression for the mutual energy of the distributions. 
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101. If two systems of matter (Mand M'), both shut in by 
a closed surface S, give rise to potential functions (V and V' ); 
which have equal values at every point of S, whether or not 
Sis an equipotential surface of either system, then V can- 
not differ from V' at any point outside S, and the algebraic 
sum of the matter of either system is equal to. that of the 
other. 

102. Prove that the level lines of the function u = F, (a, y, z) 
on the surface F; (x, y, ) = 0 have direction cosines which are 
to each other as 

D,F,: DF, — D,F,- DF), 


] 
(DF, -D,F, — D,F,: DF), 
and (DF, DF, — DF, - DF); 


and that if these quantities be represented by A, p, and », 
respectively, the direction cosines, at the point (a, y, 2), of a 
curve which lies on / and cuts orthogonally at that point a 
level line of u on the surface, are to each other as 


(uw: DF, as v- D,F,):(v: DF — X- DF): (A+ DF; Tae 


In particular, ifu = « /z and if F, (x, y, 2) = x7 (6? — y*)— az’, 
the level lines of uw on F, are straight lines, the direction 
cosines of which at any point P are in the ratio u,:0:1, 
and since the sum of the squares of these cosines must be 
equal to unity, the cosines themselves are u/ Vw? + 1, 0, and 
PN wl. 

103. In the case of a columnar distribution the density of 
which varies only with the distance r from a fixed axis, the 
lines of force are straight lines radiating from the axis (Sec- 
tion 34), and the potential function V and the resultant force 
D,V are functions of r alone. If we apply Gauss’s Theorem 
to a cylindrical surface of revolution S, coaxial with the distribu- 
tion, we learn that 27r D,.V =47 times the mass M of the 
unit length of so much of the distribution as is enclosed by S. 
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Show that if the distribution is a solid homogeneous repell- 
ing cylinder of radius a and density p, D,.V =2apr and 
V=np[(r*— a? +20 loga],ifrisless thana. If ris greater 
than a, D,V = 2 xpa?/rand V=2pa?logr. Show also that 
if the distribution is merely a surface charge of density o on 
a cylindrical surface of radius a, V = 47ae log a within the 
cylinder, and V = 4 zac log r without. 

104. If V is the gravitational potential function belonging 
to a given distribution I of attracting matter, and if & is the 
constant of gravitation, the force of gravitation at any point 
in any direction s, measured in dynes, is the value at that point 
of k- D, Vor D,V,, where Vj) = kV; and V?V,=—47kp. Prove 
that if MZ be made to rotate about the axis of 2 with constant 
angular velocity , if OQ = 4o?(#’+ y’), and if Vi=V,+Q, 
the apparent force at any point in any direction s is D,V' and 
WV'=—Aakp+2*% Prove also that if S represents the 
surface of M, and n a normal to the surface drawn inwards, 
if v ig the volume of the distribution, and if p, is its mean 
density, 


<4 whtypy 422 ate ee if rf D,V'ds. 


[R. S. Woodward, “The Gravitational Constant and the Mean 
Density of the Earth,” Astronomical Journal, 1898. ] 

If M represents the earth, a the semiaxis major, and e the 
eccentricity of the generating ellipse of the earth’s spheroid, 
¢ and d the latitude and longitude of dS, we have 


v=tra’V1—e’,dS=a’(1—e’) cos 6d dd/ (1 — & sin’ ¢)?, 
and the acceleration D, V'is given in centimetres per second per 


second by the equation D,V'=a+ Bsin?¢+y cos’ ¢- cos 2A, 
where a = 978, 8 = 5.19, and y is a constant, so that 


JS [2iV'- aS = aS+ B fosin’ gas. 
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Show that if « = esin ¢, 


eo (Le (saa HS 
iS - ees ; dk=4 ra? (1 —fe?— yy e*—...), 


and 
, 2a7(1 — 2 ada a 
24aS= 
S Soin oS e Om (lead )*<70 ze 


=4r@(t+7,@%+ 3, e4+--:), 


and, assuming that log e? = 3.83050, log a = 8.80470, obtain 
Professor Woodward’s equation, kp) = 36797 x 107". 

For a discussion of the value of po, see Prof. J. H. Poynting’s 
Adams Prize Essay on “ The Mean Density of the Earth.” 

105. If wu is single-valued and harmonic at all points of a 
region but one (the exceptional point being an interior point 
P), and if uw becomes infinite for all paths along which the 
point (x, y) approaches P, then w can be written in the form 
u=a-logr+v, where v is single-valued and harmonic at all 
points of the region. [Bdocher. ] 

106. If the superficial density of a mass distributed on a 
spherical surface is inversely proportional to the cube of the 
distance from a fixed point A, the distribution is centrobaric. 
If A is inside the surface, it is the baric centre; if A is outside, 
its inverse point is the baric centre. 

107. Ifthe superficial density of a columnar distribution on 
a cylindrical surface of revolution varies inversely as the 
square of the distance from a given line parallel to the axis 
of the cylinder, there is a baric line within the distribution 
parallel to the axis. Where is this line? 

108. A certain distribution WZ has two mutually exclusive 
closed equipotential surfaces, S, and S,, upon which V has the 
different constant values C,and C,. Will the potential func- 
tion in space without S, and S, be the same for the original 
distribution and for distributions on S, and S, of surface 


By MISCELLANEOUS PROBLEMS. 


density o = — D,V/4 x together with so much of J as lies 
without the surfaces ? 

109. The straight-line tangents at a point to a tube of force 
which ends there, evidently form a cone of definite solid angle. 
A number of points, P;, P2, Ps, etc., have charges, m, mz, ms, 
etc. Show that if at any one of these points there end two 
tubes the solid angles of the cones of which are w and o’, the 
flow of force in the one tube is to the flow of force in the other 
as w:w'. Show also that if a tube starts with solid angle o, 
at a point P,, where the charge is m,, and ends with solid angle 
w, at a point P,. where the charge is m,, w,m, is numerically 
equal to w,m,. 

110. All the masses of a certain distribution he within two 
closed surfaces S, and S,, which exclude each other and are 
equipotential. All the lines of force which abut on a con- 
tinuous portion A of S, also abut on S, All the lines of 
force which abut on S, outside of A are open, while none of 
the lines which abut on S, are open. Show that one of the 
equipotential surfaces is made up of two lobes, one of which 
includes S, alone and the other both S, and S,. Separating 
the closed lines of force from the open ones is a surface 
which passes through the point where the lobes of the sur- 
face just mentioned are connected. All the equipotential 
surfaces are closed. 

111. The potential function due to a certain distribution of 
matter has a value at any point Q which depends only upon 
the distance, 7, of Q from a fixed point O. This value is 


: 8 
Gore —=, ae(enesh—e 2), 


ip 


6? — a® 307? +03— a3 
tn(o+ or ‘ or 1, (222), 


according as 0<r<a,a<r<b,b<r<e,orr>c. What is 
the distribution? [p=0,p=1,p=0,co=1, p=0.] 
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112. The lines of force due to two similar, homogeneous, 
infinitely long, straight filaments of repelling matter, parallel 
to the z axis and cutting the zy plane at the points (a, 0), 
(— a, 0) are hyperbolas of the family a? — 2 Ary — y? = a?. 

113. (a) Prove that when there is symmetry about the axis 


from which 6 is measured, 7” - P,, (cos 8) and ~n (cos 9), where 
P,,(cos 6) is the coefficient of a” in the development, in ascend- 


ing powers of a, of (1—2.acos6 +a?) %, are particular solu- 
tions of Laplace’s Equation in polar codrdinates ; that is, of 


r-D2(rV) +a -Dalsin 6-DeV) = 0. 


Hence show that any expression of the form 
A, + Ayr: P,(cos 6) + A,r? P, (cos 0) +--- + A,r"- P,(cos 8) 


B,- P,(cos @) B,,- P.,,(cos 6) 
ia genes , 


B B;- P,(cos 6 
tae SE cies st) 5 a 
1 ie 1 ane 
where Ay, By, A;, B,, A,, B,, etc., are arbitrary constants, 
satisfies the equation. The P’s here introduced are some- 
times called Legendre’s Coefficients, sometimes Zonal Surface 


Spherical Harmonics. 
(6) Show that Po(u)=1, 
Pi(v) = 
P,(u) =4(3 1), 
P,(u) =4(5 0? — 3p), 
P,(u) = $ (85 p* — 30 p? + 3), 
Py(u) = 4 (63 wi — 70 p2 + 15 y). 
(c) Show that when 6 = 0, P,,,(cos 6) or P,,(1), the coefficient 
of a” in the development of (1 —a)~, is equal to 1. 


114. Prove that if in any case of symmetry about a line, 
a convergent series a + a,%+ a,2” +a,2° +--. represents the 
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value of the potential function at a point @ distant 2 from the 
fixed point O, both O and Q being on the line; then the series 

P,(cos 0) + ayrP;(cos 6) + ar? P,(cos 8) + as7°P3(cos 8) + ---, 
formed by writing instead of 2” in the formerseries7” - P,,(cos @), 
will represent in polar coérdinates with O as origin and the 
given line as axis from which 6 is measured, a finite, single- 
valued function which satisfies Laplace’s Equation and for all 
points on the given line on the positive side of O, where 6= 0 
and 7 = 2, has the same values as the given series. Given the 
radius of convergence of the first series, within what limits 
can we safely use the second series? If any portion of the 
given line traverses a region of empty space, does the new 
series represent the potential function at all points in this 
region within the limits of convergency of the series ? 

115. Prove that if in ah case of symmetry about a line, a 


convergent series — ee vas = +... represents the value of the 


potential function, oe series 
aFo(cos ) we Eros ) i aa a(cos 6) isan 


P,,,(cos 6) 


formed by writing instead of Sl = ; in the formerseries, 
pth 


2 


will represent, so long as on new series is convergent, a finite, 
single-valued function which satisfies Laplace’s Equation and, 
for all points on the line on the positive side of O, has the 
same values as the given series. 

116. Provethat the potential function due toa uniform circular 
ring of mass M, of radius a, and of small cross-section, is equal to 


H(1-3 1 a?-P,(oos) | 1-3 at. P, (cos 8) ) 
sate = 


yt 


if a<r, and a to 


Al pee 8) eee: PCOS ) 
at 


Tae 
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if a> 7, where the centre of the ring is the origin, and the axis 
of the ring the axis from which @ is measured. 

117. Prove that the potential function due to a uniform 
circular disc of mass M, of radius a, and of small thickness, is 
equal to 


rR A pa er pet eos 9) 1-3 a®-P,(cos0) ) 
3! Cie * 


OND at jis 2°. 

if a<7, and to 

2M, 1 7r’*-P,(cosé) 1 7*-P,(cosé) 
2M a-r- Py(eoss) +5 — Hes). _ A Pues) 


if a >7, when the centre of the ring is the origin. 


118. Show that the expression £(7? — c’ + y’) /y of equa- 
tion [21], page 12, is numerically equal to the length, k, of 
the chord of the sphere, formed by a radius vector drawn from 
P to a point Z on the surface, distant y from P. The sign is 
to be taken negative or positive, according as J is or is not 
visible from P. Hence find an expression, roa(k, + hk.) /c’, 
for the intensity of the attraction of an “annulus” of a thin 
spherical shell lying between two parallels of latitude, at any 
point P on the axis. 

119. A thin spherical shell of radius a attracts an internal 
particle P at a distance c from its centre. If the shell be 
divided into two parts by a plane through P perpendicular 
to the radius, the resultant attraction of each part at P is 
2 roala — Va? —?]|/c. [Todhunter’s History of Attraction. | 

120. The equation of the surface of an infinitely long homo- 
geneous cylinder of density p, the lines of which are parallel 
to the 2 axis, being r= (0), a filament of the cylinder of 
cross-section rdrd@ contributes to the components (X, Y) of 
the attraction at the origin the amounts 2p cos 6-d7-d6 and 
2psin6-dr-d6 respectively. If the cross-section of the 
cylinder is an ellipse of semiaxes a and # and if the origin 
is on the surface and distant y%, 2) respectively from the 
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principal planes, the equation of the surface may be written 
in the form 


+ = 2(b%x, cos 6 + ayo sin 6) / (b? cos? + a? sin?6). 
Assuming that 


da a Jae lo atts Np 
See Ss ee Nigs tan ( Pp har i ; 


prove that in this case 
X =4rpba/(a+ 6), Y=4rpay/(a +d) 


and that the resultant force has the intensity 4 M/(a + 3), 
where M is the mass of the unit length of the cylinder. 
Prove also, by a method analogous to that of Section 12, 
that the attraction due to a homogeneous shell bounded by 
two concentric, similar, and similarly placed elliptic cylin- 
drical surfaces is zero within the shell, and that the attraction 
components (X, Y) at any point within a solid homogeneous 
elliptic cylinder are proportional to x and y respectively. 

121. If two confocal ellipses (s and s') have semiaxes (a, 0) 
and (a’, 6'), a point (a, y) on s is said to correspond to a point 
(x', y') on s', if w/a’ =a/a' and y/y'=6/b'. Show that if 
P, and P, are any two points on s and P,!' and P,/, the corre- 
sponding points on s', P;P,'= P,P,'. Hence prove (Section 51) 
that, if two homogeneous, solid, confocal, elliptic cylinders of _ 
the same density be divided into corresponding thin strips by ; 
planes parallel to the xz plane, the x component of the attrac- 
tion of any strip of the first at a point P’ on the second, is to 
the x component of the attraction of the corresponding strip 
of the second at a point P on the first corresponding to P’', 
as 6 is to 6'!. The two components of the attraction of the 
whole of the first cylinder at P' are to the same components 
of the attraction of the second cylinder at P, as 6 to 0! and as 
a to a’. 
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122. It follows from the results stated in the last two 
problems, that if the components at an outside point @’ of 
the attraction due to a solid homogeneous elliptic cylinder of 
density p bounded by the surface s (Fig. 124) be X' and Y’, if 
a surface s' confocal to s be drawn through Q', and if X and Y 
are the components, at Y on s which corresponds to Q! on s/, 
of the attraction of a cylinder of density p bounded by s'; 
X'/X=6/b', Y'/Y=a/a', where a and 6 are the semi- 
axes of s, and a! and 6' those of s'.. Show that X, Y are the 
components at @ of the attraction due to a cylinder of 


Fic. 124. 


density p, bounded by a surface s" drawn through Q, similar 
to s'. Show also that, if the codrdinates of @ are a, y, 
A! = 4 mpba /(a' + b'), Y'=4 rpay /(a' -f- b'). 
Proves that,. 16 @=), b——3, 2 = 4, 5anG. 7 — 20; 7 = 10, 
y =V5, a'=6, b'=~V20, so that, approximately, X’= 12 p, 
Y'=13.-42-p. 
123. Two parallel planes, the direction cosines of the nor- 
mals to which are (J, m, 1), touch two confocal ellipsoidal 
surfaces at the points P,, P;' respectively. The semiaxes of 
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the surfaces are (a, 0, c) and (a + da, b+ db, e+ dc) where, 
since they are confocal, d(a”) = d(b?) =d(c?). Show that if 
pand p+dp are the lengths of the perpendiculars dropped 
from the origin on the tangent planes, p? = a7l? + b?m? + c?n?, 
and p-dp = 2. d(a*) + m?-d(#) + n?-d(c’) =d(a’), so that dp 
is inversely proportional to p. If the surfaces bound a homo- 
geneous shell, this is called a thin focaloid. Show that the 
thickness of the shell at the point P differs from dp, if at 
all, by an infinitesimal of higher order, and that a superficial 
distribution on an ellipsoid with surface density inversely 
proportional to p is equivalent to a thin focaloid bounded 
internally by the surface. The thickness of a thin homeoid 
at any point is directly proportional to p. 

124. Show that if the potential function due to a distribution 
of matter has the value zero at all points outside the ellipsoid 
La? + My? + Nz? =1 and the value p (1 — Lx? — Ma? — Nez?) 
at all inside points, the distribution consists of a homogeneous 
ellipsoid of density »4(Z+ M+ N)/27 and a superficial 
stratum on it of surface density —»/2ap, where p is the 
length of the perpendicular dropped from the origin on the 
tangent plane. Since the surface distribution is equivalent 
to a thin focaloid, it is clear that the potential function due 
to a homogeneous ellipsoid has at outside points the same 
values as the potential function due to a thin focaloid of the 
same mass coincident with the surface of the ellipsoid. Prove 
from this that confocal ellipsoids of equal mass have equal 
potential functions at points outside both. 

125. Two homogeneous, solid, confocal ellipsoids of masses 
M, and M, attract any particle outside both with forces which 
have the same direction and are to each other as M, to UM. 
[ Maclaurin. ] 

126. Show that it follows from the reasoning on pages 123 
and 124 that the components, taken parallel to the axes, of 
the attraction of a homogeneous ellipsoid S at any point P! 
on the surface of a homogeneous confocal ellipsoid S’ of the 
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same density, are to the corresponding attraction components 
due to S' at the point P on S which corresponds to do a5 
the areas of the principal sections of Sand S' perpendicular 
to these components. [Ivory.] 

127. We know from the equations of page 191 that, in the 
case of a prolate ellipsoid uniformly polarized in the direction 
of the long axis, the depolarizing force is 


1—e’)/1 L-Pe 
= 4 ra S94 -1). 


as The 


Prove that if the ratio of a to d is large, this is nearly equal to 
—47A(b?/a*)[log(2a/b)—1], and that when a/b=4, this 
approximate result is in error by about 4 per cent. 

Show that if we denote the depolarizing force in an ellipsoid 
of revolution uniformly polarized in the direction of the x axis 
by AA, » has the values 12.57, 6.63, 5.16, 4.19, 2.18, 0.95, 0.25, 
0.0054, 0.0016, 0.0004, according as a/b is equal to 0, }, 3, 1, 
2, 4, 10, 100, 200, 400. ; 

128. If the quantity ¢ on page 121 be supposed to increase 
without limit, the limits of the expressions for XY and Y are 
the force components within a homogeneous elliptic cylinder 
of semiaxes a and b. Making use of the integral 


te dx __ 2@+ By 
(a@+a)(e@+p)? (a—B)(@+a)' 


show that these limits are 4 rbpx /(a + 6) and 4 rapy /(a + 0). 
Using the form of integral given on page 124 in the seventh 
line from the bottom, show that if ¢ be made to increase 
without limit, the limit of Y is —4apba/(a'+ 6') and that 
the corresponding limit of Yis — 4 apay/(a' + 0’). 

Show that the equipotential surfaces within an infinitely 
long, solid, homogeneous, elliptic cylinder, the semiaxes of 
which are a and 4, are elliptic cylindrical surfaces, the ratio 
of the semiaxes of any one of which is Va / Vo. 
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129. Using the integrals given on page 190, show that if 
‘a=b>cand if 2 =(@—)/c, we may write the expres- 
sions for the attraction components within a homogeneous 
oblate ellipsoid of revolution, in the form 


(— 3 Mx /2 d%c*) [tan~1A —A/(1 + A’)], 
(— 3 My /2 d*c*) [tan—'A —A/(1 +A’), 
(— 3 Mz /d*c*) (A — tan—? d). 

150. Show that if in the case of the prolate ellipsoid of 
revolution where 6 =¢ <a, we put A =ea/c, the components 
of attraction at the inside point (a, y, #) may be written 

Gie /Vevirny; Vix — loga-+ Viv, 
(3 My /2 A*c*) [log (A + V1 +A7)—A V1 + A’), 
(3 Mz /2 8°) flog(A + VI +) —A VI 42°}. 

131. If these force components be denoted by X, Y, Z, the. 
quantity (X/a+ Y/y+ Z/z) is numerically equal to — 4 2p 
within any ellipsoid of revolution. This is true in the case 
of every ellipsoid, as Poisson’s Equation shows. 

132. Ifa=a?,B=06%,y = c’, andif G, has the value given 


on page 122, 
a Ge 47RD Go a y - Dy Gy = — 4 Gy 


and 2(6--98).DD,Go= DG. — DG. 
The potential function V satisfies the equation 
V = rpabe (Gy) + 20°. DG, +2y-DsG,+ 22. D,G) 


at every point within a homogeneous ellipsoid. 

If (a', b',c') are the semiaxes of an ellipsoidal surface through 
a point (a, y, x), confocal with the ellipsoid # which has the 
semiaxes (a, b,c), and if the result of substituting a’, b', c! for 
a, b,c in the expression for G, be denoted by G', the value of 
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the potential function due to # at an external point may be 
written 
4 M3G'+ 22°-D,G'+2y?-D,G'+22-D,GR 


where =a", m= 6", n= ce". [ Tarleton. ] 


133. Show that if X, Y, Z are the components of the body 
forces applied to a mass M&M of liquid revolving with uniform 
angular velocity w about the axis of z, and if p denotes the 
pressure at the point (a, y, 2), 


dp =(X + wx) da +(Y + w*y)dy + Zdz, 
so that at a free surface 
(X + wx) dx +(Y + w*y) dy + Z dz =0. 

134. If the liquid be homogeneous and exposed to its 
own attraction only, and if the bounding surface be the ellip- 
soid 07c’a? + a*c*y? + a*b?z* = a’b’c?, we have X = — 3 MKjz, 
Y=— 3MULy, Z= — 3 MM, and at the free surface 

Peadx + ac’ydy + a*b’zdz = 0, 
so that 


(u? — 3 MK,) /0c = (u? — 3 ML,) [ate = — 4 MM, [oP 


Show that this condition is satisfied for a given value of w by 
an oblate ellipsoid of revolution (Example 129) for which A 
satisfies the equation, X = tan[ (3A + 2 0d? /4 mp) /(38 + A’) ]; 
but that a prolate ellipsoid of revolution is not a possible 
form of the bounding surface. [Besant’s Hydromechanics, 
Vol. I; Laplace’s Mécanique Céleste, Vol. III. ] 

135. Prove that if V be the potential function due to any 
distribution of matter over a closed surface S, and if o' be 
the density of a superficial distribution on S, which gives rise 
to the same value, V', of the potential function at each point 
of S as that of a unit of matter concentrated at any given 
point O, then the value at O of the potential function due to 


the first distribution is if Viogeas. 
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136. Show that the derivative of the function «+ zy + 2? 
at the point (1, 2,3) in the direction defined by the cosines 
(4; 454 V2) is 45 +6 V2). Find the angle between the 
vector differential parameter of this function and the direction 
just defined, at any point of the plane 32+y+42z V2 =0, 
at every point of the line x + y = 0, x = 22, and at the origin. 
Show that it is not possible to find a scalar function the level 
surfaces of which cut orthogonally the lines of the vector 
(x+y, 2z,y). Show that the normal derivative of the function 
x*+y-+2 with respect to the function x + y+ is zero at 
every point of the plane «=—1. Prove that if wu and v are 
the distances of the point (a, y, z) from two fixed points, 
h,=h, =. ) 

137. A harmonic function which has a constant gradient 
different from zero cannot vanish at infinity like the Newtonian 
Potential Function due to a finite mass. 

138. [ f(a, y, 2), 0, 0], [@(x), 0, 0], [¥(y,-2), 0, 0], the first 
of which is neither lamellar nor solenoidal, the second lamel- 
lar but not solenoidal, and the third solenoidal] but not lamellar, 
are examples of vectors the lines of which are parallel straight 
lines, though the intensities are not constant. Prove that if 
in any region the lines of a vector which is both lamellar and 
solenoidal are parallel straight lines, the intensity of the vector 
is everywhere in that region the same. 

139. (2a/r,2y/r, 22/7) and (sin y, V3, cos y), the first of 
which is lamellar but not solenoidal and the second solenoidal 
but not lamellar, are examples of vectors with constant inten- 
sities, which have lines which are not straight lines parallel 
to each other. Prove that if the lines of a lamellar point 
function which has a constant tensor are parallel straight 
lines, the vector is solenoidal. Prove also that if the lines of 
a solenoidal vector point function which has a constant tensor 
are parallel straight lines, the vector is lamellar. 

140. The vectors (a + 2 zy, y +3 xz, xy), (2 zy, 3 wz, xy + 2 2) 
have everywhere equal divergences and curls and their tensors 
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are equal all over the surface 2? + 7 —42+46ayz=0. It 
is evident, therefore, that such vectors as these are not deter- 
mined when their curls and divergences are given. What 
additional information would determine an analytic vector 
which does not vanish at infinity? The scalar potential 
function of a certain vector has the value unity from r = 0 to 
r= 1, where 7? = x? + 7 + 2; and the value 1/r from r=1 
to r=. Is the vector everywhere solenoidal and lamellar ? 
Can you determine an everywhere lamellar and solenoidal 
vector which has the value 13 at infinity? 

141. If at any surface the normal component or a tangential 
component of a vector is discontinuous, must we suppose that 
there is divergence at the surface? Illustrate your answer by 
a simple numerical illustration. 

142. S is a portion of an analytic surface bounded by the 
closed gauche curve s. S'is a surface which divides space into 
two portions in each of which the components of a vector @ are 
represented by analytic functions. At S', some of the com- 
ponents of Q parallel to the surface are discontinuous. SS! cuts 
Sin the curve s' which divides S into two portions, S, and 8). 
Two curves in S, and S, respectively drawn parallel to s’ and 
very close to it shall be called s,' ands,’ K,, shall be the con- 
tinuous component, in the direction of the normal to S, of the 
curl of Y. That portion of s which with s,! embraces practi- 
cally the whole of S, shall be called s,; that portion of the 
remainder of s which with s,’ embraces nearly the whole of 
S, is to be denoted by s, Apply Stokes’s Theorem to S, as 
bounded by s, and s,' and to S, as bounded by s, and s,', and 
show that the line integral of the tangential component of Q 
around s is not in general accounted for by the surface 
integral of A, over S, unless we assign to K, on s’ a value 
such that its line integral along the line is finite. What is 
this value? - On page 113 Stokes’s Theorem is predicated only 
of analytic vectors. Justify the uses made of the theorem 
on page 219 and in Sections 82 and 88. 
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143. Assuming that the surface integral of the normal out- 
ward component of any vector taken over any closed surface S, 
within and on which the vector is analytic, is equal to the 
volume integral of the divergence of the vector taken through- 
out the space within the surface, show that if in spherical 
coordinates R, ©, & are the components of a vector Q, taken 
in the directions in which 7, 6, ¢ increase most rapidly, the 
divergence of Q is given by the expression 


D, (rR) - / 7? + Dg (sin 6-@)-/rsin @+ Dg®-/7r sin 6. 


144. Assuming that, if & », are three analytic functions 
which define a system of orthogonal curvilinear coordinates, 
and if hg, h,, hz are the gradients of these functions, the sur- 
face integral, taken over any closed surface S, of U-cos (&, n) 
(where U is any function analytic within and on S, and (&, n) 
is the angle between the exterior normal to S at any point on 
S, and the direction at that point, in which é increases most 
rapidly) is equal to the volume integral extended through the 
space enclosed by S, of hg-h,-hg-0LU/h, - he] /0€, show that, if 
Qs Vy» Qe are the components in the directions in which é, y, 
and ¢ increase most rapidly, of an analytic vector Q, the 
normal component of Q integrated all over S gives 


ety 2On Q, he 
if i pais ie De( Gk) + “ iit) Me hgh, a 


Write down an expression for the divergence of an analytic 
vector in terms of é, y, ¢, and, assuming that in the case of 
spherical codrdinates h,=1, hg=1/r, hg =1/rsin 6, show 
that this yields the result stated in the last problem. 

145. Let P, be a fixed point and P a movable point in the 
unlimited region 7, without a given surface S, and let P,P 
be denoted by r. Show that if a function G! can be found 
which (1) on S has the value — 1/7, which (2) is harmonic 
at, P, and at every other point of 7,and which (3) vanishes 
at infinity like the Newtonian Potential Function of a finite 
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mass, G' is unique. Show also that if G=G@'+1/r, and 
if w is any function harmonic in 7, which vanishes at infinity 
like a Newtonian Potential Function and has the value w, 


at Py, 47rw = fi w-D,GdS, where n represents an exterior 


normal to S. Some writers call G “Green’s Function ”’ for 
the given S and the given P); others reserve this name 
for G'. Attach a physical meaning to G. Define a Green’s 
Function for space inside a closed surface S. 

Show that if S is a plane and if 7’ is the distance of P 
from the image, in the plane, of the pole Po, the function G 
1g h Jee lela 

146. Show that the expression {_ 2 p,- log (r/7) - dA, 


where 7 is any constant, might be used for the logarithmic 
potential function of a columnar distribution of repelling 
matter. 

147. Show that in general the surface density of a charge 
distributed on a conductor is greatest at points where the 
convex curvature of the surface of the conductor is greatest. 

148. Show that if J, m, n are scalar point functions which 
define a set of orthogonal curvilinear coérdinates in an electric 
field in air where the potential function is V, and if Z, M, NV 
represent the force components taken at every point in the 
directions in which the coordinates increase most rapidly, 
L=—h,-D,V, M= —h,-D,V,; N= —h,+D,V, and Laplace’s 
Equation can be written 


D(L [hp Tig) + Dy [hy hy) + Dy (NJ y+ Tg) = 0. 


149. Prove that if a distribution of electricity over a closed 
surface produces a force at every point of the surface perpen- 
dicular to it, the potential function is constant within the 
surface. 

150. Two conducting spheres of radii 6 and 8 respectively 
are connected by a long fine wire, and are supposed not to be 
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exposed to each other’s influences. If a charge of 70 units of 
electricity be given to the composite conductor, show that 30 
units will go to charge the smaller sphere and 40 units to the 
larger sphere, if we neglect the capacity of the wire. Show 


_ 25 
also that the tension in the case of the smaller sphere is a88n 


per square unit of surface. 

151. The first of three conducting spheres, A, B, and C, of 
radii 38, 2, and 1 respectively, remote from one another, is 
charged to potential 9. If A be connected with 6 for an 
instant, by means of a fine wire, and if then B be connected 
with C in the same way, C’s charge will be 3:6. [Stone.] If, 
in the last example, all three conductors be connected at the 
same time, C’s charge will be 4-5. 

152. A charge of M units of electricity is communicated to 
a composite conductor made up of two widely separated ellip- 
soidal conductors, of semiaxes 2, 3, 4 and 4, 6, 8 respectively, 
connected by a fine wire. Show that the charges on the two 
ellipsoids will be 4 M@ and 2M respectively. Compare the 
values of 2 ro? at corresponding points of the two conductors. 

153. Can two electrified bodies attract or repel each other 
when no lines of force can be drawn from one body to the 
other ? 

154. Two conductors, A and B, connected with the earth are 
exposed to the inductive action of a third charged body. Do 
A and B act upon each other? If so, how ? 

155. A spherical conductor A, of radius a, charged with M 
units of electricity, is surrounded by » conducting spherical 
shells concentric with it. Each shell is of thickness a, and is 
separated from its neighbors by empty spaces of thickness a. 
Show that the limit approached by V., as is made larger and 
larger is (M/a) log 2. 

156. The superficial density has the same sign at all 
points of a conducting surface outside which there is no free 
electricity. 
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157. An insulated and uncharged spherical conductor of 
radius 4 centimetres contains an eccentric spherical cavity 
the radius of which is 2 centimetres. At the centre of the 
cavity is a point charge of 10 units. Show that the charges 
on the inner and outer surfaces are uniformly distributed and 
that the value of the potential function at all points within 
the cavity is 10 /r — 2.5. 

158. A spherical conductor of 10 centimetres radius is sur- 
rounded by a concentric conducting spherical shell of radii 
12 centimetres and 15 centimetres. The sphere is at potential 
zero and the shell at potential unity. Show that the charges 
are — 60, 60, and 15. 

159. Prove that the electrical capacity of a conductor is 
less than that of any other conductor in which it can be 
geometrically enclosed. 

160. Show that two exactly similar conductors symmetri- 
cally situated on opposite sides of a plane, so that one is 
the optical image of the other in the plane, repel each other 
if raised to the same potential. 

161. Prove that the following statements are true: If any 
conductors, some or all of which are charged, are exposed to 
one another’s influences but are far removed from all other 
charged bodies, the charge on one, at least, of the conductors 
must have the same sign throughout. If two charged con- 
ductors, uninfluenced except by each other, have equal and 
opposite charges, the surface density at every point of one 
has one sign and the surface density at every point of the 
other the opposite sign. A charge, —1, concentrated at any 
point P produces a distribution of one sign throughout upon 
a conductor C which carries a total charge of 1+ yp, » being 
any positive quantity whatever. If two conductors influenced 
only by each other are at potentials of the same sign, the 
distribution has the same sign throughout upon that one of 
the conductors the potential of which is the greatest in abso- 
lute value. If two conductors influenced only by each other 
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are at opposite potentials, the distribution in each has the 
same sign everywhere that the potential function has. A 
charged conductor is always attracted, in the absence of 
other charged bodies, by every other conductor, in its neigh- 
borhood, which is put to earth. [Duhem. ] 

If m is the number of unit Faraday tubes, per square centi- 
metre, which pass through any small portion of an equipoten- 
tial surface of an electric field in air, the strength of the field 
on this small area is 4 xn. 

162. If when a unit charge is placed on a conductor C in 
the presence of conductors C), C,, kept at potential zero, the 
charges on these are — ¢,, — @; then if C be discharged and 
insulated and C,, C, be raised to potentials V,, V,, the potential 
of C will be e,V, + & Vp. 

163. A soap bubble of surface tension 7 has a charge Q. 
Show that its diameter is Q?/(277)3. 

164. Prove that the capacity of m equal spherical condensers 


when arranged in cascade is only about th of the capacity of 


one of the condensers ; but that if the inner spheres of all the 
condensers be connected together by fine wires, and the outer 
conductors be also connected together, the capacity of the 
complex condenser thus formed is about n times that of a single 
one of the condensers. 
165. A conductor the equation of the surface of which is 
oe y? a2 
35 = 16 a gn ul 
is charged with 80 units of electricity; what is the density 
at a point for which «= 3, y=3? 
If the density at this point be a, what is the whole charge 
on the ellipsoid ? 
166. A charged insulated conductor A is so surrounded by 
a number of separate conductors B, C, D,---, which are put 
to earth, that no perfectly straight line can be drawn from 
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any point of 4 to the walls of the room without encountering 
one of these other conductors. Will there be any induced 
charge on the walls of the room? 

167. Assuming that in the case of a conductor surrounded 
by dry air, 8007 dynes per square centimetre is the greatest 
pressure that a charge on the conductor can exert at any 
point upon the air without breaking down the insulation, 
show that a spherical conductor must have a diameter of at 
least 0.126 centimetres in order to hold, in dry air, one elec- 
trostatic unit of electricity. 

168. Prove that two pith balls each 4 millimetres in diame- 
ter and 3 milligrammes in weight, suspended side by side by 
vertical silk fibres 10 centimetres long, cannot be so highly 
charged with electricity that the fibres shall make an angle 
of 60° with each other. 

169. Discuss the following passage from Maxwell’s Elemen- 
tary Treatise on Electricity : 

‘“‘ Let it be required to determine the equipotential surfaces 
due to the electrification of the conductor C placed on an insu- 
lating stand. Connect the conductor with one electrode of the 
electroscope, the other being connected with the earth. Elec- 
trify the exploring sphere,* and, carrying it by the insulating 
handle, bring its centre to a given point. Connect the elec- 
trodes for an instant, and then move the sphere in such a path 
that the indication of the electroscope remains zero. This 
path will lie on an equipotential surface.” 

170. A condenser consists of a sphere A of radius 100 sur- 
rounded by a concentric shell the inner radius of which is 101, 
and outer radius 150. The shell is put to earth, and the sphere 
has a charge of 200 units of positive electricity. A sphere B 
of radius 100 outside the condenser can be connected with the 
condenser’s sphere by means of a fine insulated wire passing 


* A yery small conducting sphere fitted with an insulating handle. 
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through a small hole in the shell. B is connected with A ; 
the connection is then broken, and B is discharged ; the con- 
nection is then made and broken as before, and B is again 
discharged. After this process has been gone through with 
five times, what is A’s potential? What would it become if 
the shell were to be removed without touching 4? 


[2 (101)*/(102)*, 2 (101)*/(102)°.] 


171. If the condenser mentioned in the last problem be 
insulated and a charge of 100 units of positive electricity 
be given to the shell, what will be the potential of the sphere? 
of the shell? If we then connect the sphere with the earth 
by a fine insulated wire passing through the shell, what will 
be the charge on the outside of the shell? What will be the 
potential of the shell? If next A be insulated, and the shell 
be put to earth, what will be d’s potential? What will be 
its potential if the shell be now wholly removed ? 


[2/3, 2/3, — 4040 /41; 60/41, 2/205, — 2/205, — 202 /205.] 


172. A conductor is charged by repeated contacts with a 
plate which after each contact is recharged with a quantity 
(£) of electricity from an electrophorus. Prove that if e is 
the charge of the conductor after the first operation, the 
ultimate charge is He / (H—e). 

173. If one of a system of n conductors entirely surrounds 
all the others, 2(m — 1) of the coefficients of potential have the™ 
common value p. If the outside conductor be put to earth, it 
loses a quantity @ of electricity. Show that the energy loss 
is $pQ. 

174. A conductor is formed of two infinite planes inter- 
secting at right angles and is connected with the earth. <A 
long straight wire, parallel to the intersection of the planes, 
at distances 6 and a from them, has an electric charge e 
per unit length. Show that the electrification of the first 
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plane at a distance x from the line of intersection of the 
two is 
— 4 abex /a[(a? + 6 + 2%)? — 4.a?x*]. 

175. The energy, per unit of surface, of a plane parallel 
plate condenser in which the superficial charge density is 
o)18 2 7o,?a when the distance between the plates isa. Show 
that if the distance be decreased to a — Aa the energy is 


2 mo,’ (a — Aa) 
if the charge remains constant, and 
2 1o,'a? / (a — Aa) 


if the potential remains constant. Hence prove that the rates 
of change of the energy are equal in value but opposite in sign 
in the two cases. 

176. The foot of the perpendicular dropped from any point P 
upon the line 4,4, shall be marked M. At A,is a point charge 
m, and at A, a point charge — m,, m, being greater than my. 
A,P =7) A,P = 19 AM = x, MP =Y, A, A, = a,M, /m, = 7] pen 
Show that the surface integral of normal force parallel to 
the x axis over an infinite plane through M perpendicular 
to A,A, is 24(m,—™m,) if e>a; 2r(m,+m,) if 0<a<a,;, 
and 2a7(m,—m,) if «<0. The induction outward through 
an infinite spherical surface with centre at any finite point is 
4(m,—m,). Show that the value at any point on a spherical 
surface of radius 7,, with centre at A,, of the normal outward 
component of the force is m,/7,? — m, cos (", 7) /7,7, and this 
is positive for every point of the surface if 7, >ap/(u —1). 
It follows from this that no line of force can come from 
infinity to the charge on A,; but 4am, of the 42m, lines 
which start from A, reach A, Show that all the lines of 
force which cross the two planes drawn perpendicular to 
A, A, through A, and A, cross them from left to right. The 
inductions across these planes are 27m, and 27m,. Through 
M, any point of A,A,, imagine a plane drawn perpendicular to 
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A,A, and let a circumference be drawn on this plane with Mas 
centre and MR as radius. Let the angles which 4,f and 4,Rk 
make with the line from A, to A, be w, and w,, then the induc- 
tion through the circle is 2 +[m, (1 — cos w,) + m,(cos w, — 1)] 
or 2a[m,(1 — cos w,) + m, (1 + cos w,)] according as A,M is 
greater than a, or positive, and less than a. If in the last case 
the radius be so chosen that the circle shall include all the 


Fic. 1265. 


lines which converge to A,, we must equate the induction to 
4am, This yields m,cos w, — m, cos w, = m, — m., which may 
be regarded as the equation of the surface of separation 
between the lines which go from A, to A, and those which go 
to infinity. 

2 r[m, (1 — cos w,) + m,(1 + cos w,)] = Cis the equation of 
a surface of revolution which includes everywhere C lines 
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of force. Since every meridian curve of this surface is itself 
a line of force, the equation just written may be regarded as 
the general equation of the lines of force. If m, = m,, the 
lines are sometimes called “magnetic lines.” In this case 
the equation becomes cos w, — cos w, = const., and the lines 
have the forms of the curves which pass through the points 
N, Sin Fig. 125. 

Show that if » = 1, if & is the resultant force at any point 
P, and if Q is the point where the line of action of R cuts A,4A,, 


FE /[sin (*, 7)] = m/[r,? sin (R, %)] = m/[r? sin (B, 71)] or, 
since sin (4,PQ) = (sin PQA) (4,Q) /y 
and sin (A,PQ) = (sin PQA) (Q4,) / 12) 

To) te — AO AO. 


If @ is fixed, P must move so that r,/r, is constant: its locus 
is, therefore, a circle. [See Mascart et Joubert, §§ 168 and 
169, and also Nipher’s Electricity and Magnetism, Ch. III. | 

177. Two condensers A and B have capacities C, and C;,. 
A is charged by a certain battery and then discharged; it is 
then charged and its charge is shared with B; finally A and B 
are both discharged. Show that the energies of the different 
discharges are to each other as 


(C1 + C,)? : C,(C1 =. C;) : Cae GHG. 
[Clare College. ] 


178. An earth-connected circular disc 5 centimetres in radius 
is suspended horizontally from one arm of a balance, and an 
insulated plate is placed parallel to it and 1 centimetre below 
it. When the lower plate has been electrified there is found 
to be an attraction equal to the weight of 1.274 grammes 
between the two. Show that, assuming the electricity to 
be uniformly distributed, the potential of the lower plate is 
about 6000 volts. 
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179. S is an equipotential surface due to a distribution of 
matter of which it encloses a portion J, and excludes a por- 
tion M,. Let M, be distributed on S according to the law 
4no=— D,V: then superpose on the system thus formed the 
negative of the original system, so as to have the surface S at 
zero potential due to the distribution on it and to the negative 
of M, within it. What will now be the value of the poten- 
tial function without S$? At a distance 8, from the centre 
of a spherical cavity of radius 7, in a conductor which is at 
potential zero, is a point charge of m, units. Find by aid of 
the formulas given in Section 65 the density of the charge 
on the wall of the cavity. 

180. If a conductor C, which entirely surrounds a system 
of charged and insulated conductors, be at first insulated and 
at potential V, and then put to earth, the potentials of all the 
interior conductors will be diminished by V. If this system 
be now discharged, the loss of energy is the same as if C had 
not been put to earth but had had the interior conductors put 
into connection with its inner surface. [M. T.] 

181. Show that 7 /dths of the unit Faraday tubes proceeding 
from an electrified particle, at a distance § from the centre of 
a conducting sphere of radius 7, which is put to earth, meet 
the sphere, if there are no other conductors in the neighbor- 
hood, and that the rest go off to infinity. 

182. If a charge m, is placed at a point A, distant 8, from 
the centre O of a conducting sphere of radius 7 (Section 65) 
kept at potential zero, the charge induced on the surface has 
the density o = — m, (82 — 7°) /4arr3 at a point distant 7, 
from A,, and the total amount of the induced charge is 
—myr/s,. The attraction between the point charge and the 
induced charge is m,?78,/(8,7— 7’). If now a charge M be 
distributed uniformly over the sphere so as to raise its 
potential to M/r or Vo, the new density will be 


c= [Vor — My, (8? a r) | /4 T rr’, 
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the new charge H = Vor — m,r/8,, and the attraction 
= [myrd,/ (67 — 17)? — mV, 7/8: |, 
or mr 8, / (8,7 — 7°)? — mE /82 — m2? r /8,°. 
This attraction is zero when 3, satisfies the equation 
#8, (8? — 1°)? = m, 1° (2 8? — 7°). 


If M=+m,r/8,, the total charge on the sphere will be 
zero. In this case V, = m,/6,, and the force of attraction is 
m°r*(2 8,7 — 7°) / (8? — 7°)? 8°: this expression is always posi- 
tive. The density on the sphere is zero, if anywhere, on a 
circumference determined by the equation 


E+ m, 7/8, = m, 7 (8? — 7°) / 7°. 


O and A, are inverse points with respect to a spherical 
surface S of radius V8,? — 7°, the centre of which is A4,. If, 
therefore, Z is any point on S, 4,76, = OT. V6? — 7° and, 
if M=mr/vs6" —7°, the potential function has the same 
uniform value on S and on the conductor. The intersection 
of the two surfaces is a line of no force and no density. 

The potential function due to m, alone is the same as that 
due to m, and the charged sphere, at all points on the spherical 
surface OP /A,P = M8,/m,r: if H=0, this is the plane which 
bisects A,O at right angles. 

The mutual potential energy of the point charge m, and the 
distribution on the sphere is 


-f F. db, = mE /8, — $ mr? /8? (8? — 7). 
61 


Show that if a charged conducting sphere of radius 10 centi- 
metres is at potential Y, in the presence of a point charge of 
12 units at a distance of 20 centimetres from the centre of 
the sphere, the whole charge on the sphere is 10(V, — 3). 
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Show also that V, is 2/15, 6/5 V3, or 3.6 according as the 
density of the surface charge is zero, at the point of the sur- 
face farthest from A,, at a point just visible from .A,, or 
at the point nearest A,. Show that if the whole charge on 
the spherical surface is 14/3 there is no attraction between 
the point charge and the surface charge; and that if the 
sphere was originally uncharged and insulated, its potential 
was constantly equal to 12 /8, as the point charge gradually 
approached its present position from infinity. 

Show that the integral of (6,? — 7’) /7,;> taken over the sur- 
face of the sphere is 4 wr’/d,. How much of the charge on 
the sphere is visible from A, ? 

Find the surface density on a spherical conductor at poten- 
tial zero under the action of two equal external point charges 
situated at equal distances on opposite sides of the centre. 
Consider separately the case where the point charges have 
opposite signs. 

183. An insulated conducting sphere of radius r charged 
with m units of positive electricity is influenced by m units 
of positive electricity concentrated at a point 27 distant from 
the centre of the sphere. Give approximately the general 
shape of the equipotential surfaces in the neighborhood of 
the sphere. 

Give an instance of a positively electrified body the poten- 
tial of which is negative. 

184. Prove that if the spherical surfaces of radii a and 6, 
which form a spherical condenser, are made slightly eccentric, 
e being the distance between their centres, the change of elec- 

3 abe. cos 6 
4m (b — a1) (0? — a8)’ 
where @ is the angular distance of the point from the line of 
centres, and where the difference between the values of the 
potential function on the two surfaces is unity. 

185. Show that if an insulated conducting sphere of radius a 
be placed in a region of uniform force (X,), acting parallel to 


trification at any point of either surface is 
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the axis of x, the function — Y,-a(1— a? /7r*)+ C satisfies all 
the conditions which the potential function outside the sphere 
must satisfy, and is therefore itself the potential function. 
Show that the surface density of the charge on the sphere 


; X ; : : 
is : Z a and prove that this result might have been obtained by 
TT 


making y, infinite in the formulas near the top of page 206. 
186. If 11, 22 are the coefficients of capacity of two of a 
set of conductors, and if g,. is their coefficient of mutual 
induction, the capacity of the compound conductor formed by 
joining these two conductors by a fine wire is gi, + 2 q12 + qoo, 
if all the other conductors be put to earth. If py, Po, pis 
are the coefficients of potential of the two conductors, and 
if all the other conductors of the series are uncharged and 
insulated, the capacity of the compound conductor is 


(Pu + Po — 2 Py) / (P11 Pex — Pu’): 


If the distance 6 between the centres of two conducting 
spheres of radii a, a, is large compared with the diameter of 
either, p, = 1/4, po =1/a,, and p, is approximately 1/6, 
so that if e,, e¢, are the charges of the spheres and V,, V, their 
potentials, V, = e,/a,+e,/b, V,=¢,/b+¢,/a, Show that, 
approximately, 


Qu = 40? /(P — a4), qe = — a4 Aqb / (F? — a4), 
Gon = Ab? | (GF — a2). 


187. If on the radius vector OP drawn from a fixed point 
O to another point P a new point P' be taken, such that 
OP -OP'=a?, where a is a constant chosen at pleasure, 
P and FP’ are said to be inverse points, O is the centre of 
inversion, a sphere of radius a with centre at O is the sphere 
of inversion and a the radius of inversion. One of a pair of 
inverse points is without the sphere of inversion and the 
other within, unless both coincide. The straight line which 
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joins the points of contact of tangents to the sphere drawn 
from an outside point P' passes through the inverse point P. 
Ii P, P and. @, Q! are pairsof inverse points, the triangles 
OPQ and OQ'P' are similar. If one (P) of a pair of inverse 
points moves along a curve, or over a surface, or through a 
space, the other (P’) will generate the inverse curve, surface, 
or space. A plane at a perpendicular distance 6 from O 
inverts into a spherical surface of radius a?/26, passing 
through O. A spherical surface of radius ¢ with centre at a 
distance 6 from O inverts into another spherical surface of 
radius a’c/(b? — c*?) with centre at a distance a*b/(b’ — c’) 
from O. If a?=6? —c’, the spherical surface inverts into 
itself, though the inverse of the old centre is not the new 
centre. The centre of inversion inverts into the region at 
infinity. 

Prove that if the origin be the centre of inversion, a point 
P or (a, y, 2), distant r from the origin, inverts into a point 
P' or (a!, y', 2"), distant r’ from the origin, where rr' = a’, 
efr=2a/r, yf/r=yl/r, e/r =e /r', 2 = oa! /r?, y= ay'/r'?, 
2=a@2'/r?, c= aa /r, y'=ay/r, z'=az/r?, An element 
of arc ds at P inverts into an element of arc ds! at P’, such 
that ds = 7°-ds'/a? =a?-ds'/r'?. An element of area dS at 
FP inverts into an element of area dS! at P', such that 
dS = r*.dS'/at = at. dS'/r'*. An element of volume dr at 
P inverts into an element of volume dr' at P', such that 
dr =r -dr'/a’=a'-dr'/r'®. The angle between two curves 
which intersect at P is equal to the angle between the inverse 
curves which intersect at P’. If P and P’ be drawn in 
different diagrams, in which the rectangular Cartesian codrdi- 
nates are 2, y, 2 and z!, y', 2! respectively, € = a*x!/r'?, 
9 = ay'/r?, € = ae'/r', define a set of orthogonal curvi- 
linear codrdinates in the second diagram, and the Cartesian 
coordinates of P in the first diagram are equal to the curvi- 
linear coérdinates of P' in the second diagram. Any func- 
tion F(a, y, #) has the same numerical value at P that the 
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function F(a’! /r?, a®y' /r!?, az! /r!®) = w(a', y', 2") has at P'. 
Prove that 
(Di + D) + D?) F (a, y, @) atP 
= (7° / a?) (Dy? + Dy? + Dz*) (ap (7°) asp 

If Fis zero on any surface or throughout any space in the 
first diagram, ay/r' is zero on the corresponding surface or 
throughout the corresponding space. If F has the constant 
value c on the surface S, ay/r' has the value ac/r', which is 
not constant on the corresponding surface 8’. 

If F is the potential function due to a volume distribution 
of density p in a region 7, together with a superficial distri- 
bution of density o on a surface S and a point charge e at a 
point @, (ay/r') is the potential function due to a volume 
distribution of density p!=a’p/r'® in the region 7’, corre- 
sponding to 7, together with a superficial distribution of 
density o! = a*o /r'® on the surface S', which corresponds to 8, 
and a point charge e!=7'e/a at the point @’, which is the 
inverse of Y. The inverse of a point charge e at the centre 
of inversion is a charge at infinity, which raises all finite 
points to potential e/a. If # is the potential function of a 
distribution o, p which keeps a certain surface S at potential 
zero, (ay/r') will be the potential function of a distribution 
o', p' which keeps the corresponding surface S' at potential 
zero. If # is the potential function of a distribution o, p 
which keeps the surface S at potential c, (ay/r') will be the 
potential function of a distribution o’, p’ which keeps S' at 
the potential ac/r': if, however, we add to the distribution 
a', p' a point charge — ae at the origin, the new potential 
function will keep S' at potential zero. 

188. Show that if a point charge e be anywhere between 
two infinite planes which form a diedral angle of 60°, these 
planes would form a surface of potential zero due to the 
original charge and five images in the planes. Find the den- 
sity of the charge on two planes which form an angle x/n, 
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if they are kept at potential zero in presence of a point 
charge between them. Invert the system with respect to the 
charged point. 

189. A homogeneous sphere of density p and radius ¢ has 
its centre at a point C distant d from an outside point O. 
The value of the potential function at a point P outside the 
sphere is ¢zpe?/CP. Show that if the distribution be inverted, 
using O as centre, the new distribution is a heterogeneous, cen- 
trobaric sphere of mass 4 zpc*a/d, the baric centre of which 
is the inverse point of C. [ Routh. ] 

190. A point charge + e lies on the x axis at a distance + b 
from the origin between two conducting plates, =0, x = 2e, 
both of which are kept at zero. Show that the images of the 
point charge in the planes are an infinite series of point 
charges numerically equal to e but alternately positive and 
negative at points on the x axis. The codrdinates of the nega- 
tive images are — b, —(4c+5), —(8c+d),---,(4e—b), (8ce— 8), 
(12¢ — 6),..,., and those of the positive images are (4¢ + b), 
(3%-+ 6), d2¢+-8), «:;—Ge—6),— Geb) G2e—}),--. 
Show that the force at any point between the planes might be 
computed fiom these images and the original point charge. 
Indicate a method for determining the density of the induced 
charges on the plates. State clearly the result of inverting 
the system, using the original charged point as centre of inver- 
sion, and each of several different values for a. 

If in this problem the charge e is at a point O midway 
between the plates, and if this point be chosen as origin, b = c, 
and there are positive images at points the x codrdinates of 
which are 0, 4.¢, 8c, 12¢,---, —4¢,—8c, —12¢,.--, and nega- 
tive images at points the x codrdinates of which are — 2¢, 
— 6c, —10¢,---, 2¢, 6¢,10¢,---. Show that if the system 
be inverted, using O as centre of inversion and ¢ as radius of 
inversion, and if the inverse of the charge at O be omitted, 
the result is a conductor formed of two spherical surfaces 
of radius r= $c, in contact at potential V,= —e/e under 
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positive charges equal respectively to $e, he, pye,---, at 

points the a coérdinates of which are +}c, + 4, 2 py 6, <-%; 

and negative charges Le, Le, j,e,---, at points the x codrdi- 

nates of which are +}c,+ic,+,5c¢,:--. The total charge 

in each of the spheres is 
—ted—}3+}4-}4---)=—}e-log2= V,r- log 2, 

and their mutual repulsion, 3 V,? (log 2 — 2). 

191. If two spherical conductors each of radius a have 
charges @, é, and are at a great distance apart, the energy of 
the system is (e;’ + €,”)/2a. If the two are brought up into 
contact, the whole charge of the compound conductor thus 
formed is (e, + é,), it is at potential (e, + e,) /2a-log 2, and 
the energy of the system is (e, + @)?/4a-log2. Show that 
the work done against the mutual repulsions of the two charges 
during the approach of the spheres is about 

[ (0.722) ee, — (0.189) (e? + e,7)] /a, 
and discuss separately the special cases 
6, = 0, 0 = by = Dey C= FG 

192. Show that if a point charge be situated at a point 0, 
between two concentric spherical surfaces, it is possible to 
find a series of electric images which together with the origi- 
nal charge would keep each of the surfaces at potential zero. 
What would be the result of inverting the system, using O as 
centre ? 

193. A certain condenser consists of a closed conducting 
surface S, surrounded by another closed conducting surface S,, 
separated from the first by a homogeneous dielectric. When 
the condenser is charged, the lines of force between S, and S, 
are the same as if S, were removed and 5S, freely charged. 
What do you know about S, and S,? 

194. The semiaxes of a conducting prolate ellipsoid of 
revolution are 10, 8, 8. Find, by help of the formulas of Sec- 
tions 6 and 23, the external field when the conductor has a 
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free charge of 60 units, and show that the surface density at 
the equator is then 3/167. 

195. A prolate conducting spheroid of major axis 2a and 
minor axis 2, has a charge of electricity H. Prove that the 
attraction between the two halves into which it is divided by 
its diametral pene is H?-log(a/b)/4(a — 0). [St. John’s 
College. ] 

196. If a particle charged with a quantity e of electricity 
be placed at the middle point of the line joining the centres 
of two equal spherical conductors kept at zero potential, the 
charge induced on each sphere is 

—2em(1—m+2m?—3m*+4mi---), 
where m is the ratio of the radius of either of the spheres 
to the distance between their centres. 

197. A conducting sphere of small radius a is situated in 
the open air at a considerable height 4 above the ground. 
Show that its electrical capacity is increased by the neighbor- 


2 
hood of the ground in the ratio of 1 + (+ i ) to 1, very nearly. 


198. A negative point charge, — e,, lies between two posi- 
tive point charges e, and e, on the line joining them and at: 
distances a and b from them respectively. Show that if 


3 2 
oS here Hea eal Sta 


a—b 
there is a circumference at every point of which the force 
vanishes. 

199. Two spherical conducting surfaces of radii @ and b 
form a condenser. Prove that if the centres be separated 
by a small distance d, the capacity is approximately 


mre ie mn 


When d = 0, the capacity is 


= 
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200. A small insulated conductor, originally uncharged, is 
connected alternately with two insulated conductors A and B 
at a considerable distance apart. Prove that if ¢, and e,! are 
the original charges of A and B, e, and e,! their charges after 
the carrier has touched A and then touched B, the charge of B 
when the carrier has touched 4 and B each n times is 

ab — e,'—@,! é)' — e,! 
ab —1 (ab — 1) a®-2yr-V 


where a= @/e aud b= (e + e&' — 4) /e!. 
The charges of A, B,-and the carrier, are ultimately in 
the ratios 
€1(€ — €1 + ep! — e1') ¢ €1'(€y — 1) # (€p — €1) (Cy — €1 + ey! — &'). 
201. If a series of conductors were constructed which 
might be made to coincide with the closed level surface 
of a harmonic function w which vanishes at infinity like a 
Newtonian Potential Function, the capacities of any two of 
these conductors would be to each other in the ratio of the 
reciprocals of the values of w on the corresponding surfaces. 
If two of the surfaces for which w= w, and w = w, < w, be 
constructed of metal, and if charges H, and /, be given them, 


the energy is 
5 {A — 6), GF ale 


0G, C 


where C, and C, are the capacities. The energy becomes 
4 (4, + £#,)?/C, if the two are connected. 

202. An insulated conducting sphere of radius 7, bearing a 
charge m, is introduced into a field of force due to a fixed 
distribution I of electricity. Show that if the value of the 
potential function due to M at the centre of the sphere is 
C, the value of the potential function within the sphere is 
C+m/r. 

203. Compute the force at the point (a, y, z) due to a par- 
ticle of mass — m at the point (a, 0, 0) and a particle of mass 
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+m at the point (— a, 0, 0), and show that if m and a be 
made to increase indefinitely in such a manner that the ratio 
of m to a? is always equal to the constant A, the field becomes 
ultimately a uniform field of intensity X = 2 A. 

204. It is evident that the value at any point P in the zy 
plane, of the potential function due to two slender, infinitely 
long, homogeneous, straight filaments (of mass m and — m 
respectively per unit length) which cut the plane perpendicu- 
larly at the points A and B, is 2m log (AP / BP), and that the 
equipotential surfaces are circular cylinders [one is a plane] 
such that A and B are inverse points with respect to every 
one of them. If the radius of any one of these cylindrical 
surfaces the axis of which cuts the xy plane at C be denoted 
by v (Fig. 126), and if 4P=7,, BP=1r,, AC=36,, BC=84,, 
8, /r=7/&= 7/72, and 
the triangles BCP and 
ACP are, similarwity 7 
lies on the cylinder. The 
resultant force & at P 
has the direction of the 
normal to the cylinder, 
the repulsion due to the 

Fic. 126. filament which cuts the 

plane at A is 2m /r,,and 

the attraction due to the filament which cuts the plane at 

Bis2m/r, Ifthe angle APB be denoted by a, the Principle 
of the Parallelogram of forces applied at P yields 


F/sina = 2m/[r, sin (r, 1)] = 2m/[r, sin (7, 72)], 
and the Theorem of Sines applied to the triangle 4PB yields 


AB /sina = 1, /sin (r, 4) = 7 /sin (7, 72), 
so that 


F=2mAB/r,- 17, = 28, AB/r- 7? = 2m8, AB /r-r,? 
= 2m (8? — r*) /r-r? = 2m (7? — 8,2) /r-r,?. 
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The value of the potential function on the cylinder is 
2m log 8,/r = 2 m log r /8,. 


If, now, the mass of the filament which cuts the plane 
at B be spread on the cylindrical surface so that the surface 
density at every point is 


o=—F/4e or —m(82— 1) /2xr-r2, 


the potential function outside the cylinder will be unchanged. 
If, finally, a mass m! per unit length be spread uniformly over 
the cylinder, the value of the potential function within 
and on the surface will be 2 m log (8, /7) + 2m' log r, and, by 
a suitable choice of m', this may be given any value. The 
whole charge on the unit length of the cylindrical surface is 
m' —m = MM, the value of the potential function on the sur- 
face is Vs = 2 m log (8, /r) + 2(M + m) log 7, and the surface 
density at a point distant 7, from the straight line which cuts 
the paper perpendicularly at A is” 


(UM + m) /2 ar — m (8? — 7) /2 ar - 7. 


At any point Q without the cylinder the value of the potential 
function is 
2m log (AQ/BQ) + 2(M+ m) log CQ. 
Show that the force of attraction between the charge on the 
cylinder and the unit length of the filament through A is 


2 m[md, / (8? — 7°) — (M+ m) /3,]. 


This force vanishes if 8,?/7?=(M+m)/M. Show also that 
if the cylinder is at potential zero in the presence of the fila- 
ment through 4, M = — m log (8, /7). 

If we superpose upon this distribution a second consisting of 
a homogeneous filament of mass — m per unit of length and 
cutting the paper perpendicularly at A and a similar filament 
of mass + m per unit length cutting the paper at B, and notice 
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that the potential function due to the new distribution has 
the value — 2m log (8,/7r) at every point of the cylindrical 
surface, we shall see that the potential function due to the 
two distributions has at any point @ outside the cylinder 
the value 2m! log (CQ) = 2 (M+ m) log CQ and at any point 
within the value 


2 m!' log r + 2m log 8, /r — 2 m log (7, / 72) 
=2(M+m) logr+ 2m log br, /7r7,. 


On the cylindrical surface the potential function has the 
constant value 2(M/ + m) log r, and the surface density at any 
part of it is, as before, (M+ m) /2 rr — m (6? — 7°) /2 rrr’, or 
(M + m) /2ar + m (8? — 7?) /2arrry?. What is the physical 
meaning of the special case where + m=0? 

205. Let ¢ (a, y) be a logarithmic potential function due 
to a body distribution of density p through an infinite 
cylinder the right section of which made by the «zy plane 
is the region 7, together with a superficial distribution of 
density o on an infinite cylindrical surface the right section 
of which is the curve s in the xy plane. Let a= f, (a, y) 
and B = f, (x, y) be any two conjugate functions analytic in 
the region considered, and form arbitrarily the new function 
G (7, vy) =o[A@, y), A(@ y)] by substituting for x and yin ¢, 
a and B respectively. To avoid confusion call the rectangular 
Cartesian codrdinates in the plane in which 7 and s are 
drawn a and £, instead of x and y, and draw a new zy plane 
in which to study the new function ®. In this second figure 
the curves in which a= fj (a, y), B=f, (a, y) are constant 
form a set of orthogonal curvilinear coérdinates. A point 
P which in the first diagram has Cartesian codrdinates 
(a9, 8) 18 said to be transformed into a point P! in the new 
diagram, the curvilinear codrdinates of which are (a), 8)). The 
Cartesian codrdinates of P' are (a, yo), where f, (Xo, Yo) = ao, 
Si (®o, Yo) = Bo. It is evident that ®(a#, y) has the same 
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numerical value at P! that d(a, 8) has at P. The points 
which lie on the curve s in the old diagram are transformed 
into points which lie on a curve s’ in the new diagram, so that 
the curve s is transformed into the curve s' and, similarly, the 
region 7’ into the region 7'. It is evident from the proper- 
ties of conjugate functions that two curves which cut at an 
angle @ at a point P in the old diagram transform into two 
curves which cut each other, in general, at the same angle 
at the point P’. Show that ® is the logarithmic potential 
function due to a body distribution through the infinite 
cylinder of which 7" is the cross-section, together with a sur- 
face distribution on the cylindrical surface of which s' is the 
trace. Show also that if ? represents either of the two equal 
quantities (D,«a)? + (D,a)’, (D,8)? + (D,B)’, the numerical 
relations, at corresponding points in the two diagrams, of the 
corresponding elements of are and area, of the corresponding 
values of the volume and surface density, etc., etc., are truly 
given by the equations 


ds=hds ¢4=JI7 0A ph = po ch = 0' 3 
d=; Ap=AO; h Db = D,®, WVA*d = AO; 
h Db = D,®; pdA = p'dA'; ods=a'ds'. 


206. Given in a plane two circles of radii a and 6 respec- 
tively, which have no points in common, it is possible to find 
two points (4, @,) on the line which joins their centres 
(A, B), such that if 7, and 7, represent the distances from 
Q, and Q, of any moving point, both circles belong to the 
family of curves represented by the equation 7,/7,=¢. Show 
that if 4B = d, and if the circles are mutually exclusive, , 
and Q, are between A and B, and 


AQ, =(02 + @ — 8° — R)/2d, BQ, = (0? + a? — a? — R) /2d, 


where R? = (a? — 6? — d*)?— 467d’. If one of the circles lies 
within the other and if a> 6, Y, and Q, lie beyond B on the 
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line AB, Q, is within both circles, and Q, outside both. In 
this case, 
AQ, = (2 — 0+ d— R')/2d, BQ, =(v7—B— a+ R')/2d, 
where R? = (b? — a? — d?)?— 4.a7d*. In the second case the 
four points of contact of tangents drawn from Q, to the two 
circles lie on a straight line through @,. What is the corre- 
sponding fact in the case first treated? Consider the special 
case where a=b= Hd. 

Prove that the values of 4Q,, BQ, given in the subjoined 


table are correct and draw to scale a diagram for each of the 
four examples. 


a b d AQ, BQ, 
il 2 4 0.35 1.09 
4 2 1 1.37 10.62 
3 1 1 1.14 6.85 
5 3 i 1.62 14.38 


Given acircle of radius a, with centre at A, and a straight 
line in its plane at a distance d from A greater than a; the 
line and the circumference belong to the family of curves 
r,/1, = c, where 7, and 7, represent the distances from two 
points (Q,, @,) equidistant from the line on opposite sides of 
it and lying on the perpendicular to the line drawn through A. 
Show that if Q,Q, = 2 m, m? = d? — a’. 

207. Ifr?=(e@+a)+y,r2 = (a#—a)’?+y’, tan6,= y/(x+a), 
tan 6, = y/(«— a); ¢6=Alog(r,/7,), and y= A(O, — 6,) are 
conjugate functions, and if, moreover, 

2 
a =e), aaa and rate 
where the upper or lower sign is to be used according as c? is 
greater or less than unity; (@ —a)’+ (y—0)?=7", and the 
curves of constant ¢ are the circles surrounding the points 
(a, 0) and (—a, 0) represented in Fig. 59. Values of c¢ 


a (ters , 
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between 0 and 1 correspond to circles which lie to the left 
of the y axis, and positive values of ¢ greater than 1 to circles 
on the right of the y axis. 


When e>1,c=(a+a)/r, and a=+ Vo? — 7, 
but when c<1, c=—(a+a)/r, a=+4+ Vo? — 7°. 


On two circumferences of the system, of equal radii, on oppo- 
site sides of the y axis, r,/r, has reciprocal values. 

Using these formulas, prove that the charge per unit length 
on a long cylindrical wire of radius 0.5 centimetre, kept at 
potential unity at an axial distance of a = 600 centimetres 
from an infinite plane kept at potential zero, is 0.06424 units. 
In this case ¢ is about 2400, a about 599.9998, and A, 0.128. 
Show also that if r=0.5 anda=10; a= 9.988, c = 39.975, 
A = 0.271, but thatif r=0.5anda=1; a = 0.866, ¢ = 3.782, 
A= 0.759. It is to be noticed that 300 volts are equivalent 
to 1 electrostatic unit of potential difference, 1 microfarad to 
900,000 electrostatic units of capacity, 1 ohm to 1/(9 x 10") 
electrostatic units of resistance, 1 ampere and 1 coulomb to 
3 X 10° corresponding electrostatic units. 

In general, if an infinite conducting cylinder of revolution 
kept at potential V, be placed with its axis parallel to an 
infinite conducting plane at a distance a from it, the charge 

2 


Wee 
per unit of length is 4 V,/log a+ Vo—" and the surface 
i; 


density is inversely proportional to the distance from the plane. 

208. A condenser is formed by two long conducting circular 
cylinders, one of which is entirely inside the other. Prove 
that if r and 7! are the radii, d the distance between the 
axes, and 2a the distance between the limiting points of 
the coaxial system to which the cylinders belong, the inverse 
of the capacity per unit length is 


(nr? — 7 — d+ 2ad) ; 


2 log 1G ad 2ad) 


[St. John’s College. | 
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209. Electricity is distributed in equilibrium over the 
surface of an infinitely long right cylinder, the cross-section 
of which is at+y7*=a‘. Prove that the attraction at any 
external point (7, 6) is inversely proportional to 


a®\—? 
( + 2a*cos 46+ “) 
and that its direction makes with the axis of x an angle 
yt — qt 3 
} tan “(S54 tan 2 a) [Clare College. ] 


210. A long, right circular cylinder of radius a is placed 
with axis parallel to a plane at potential zero. Show that 
the mutual attraction per unit length of the cylinder between 
it and the plane is H?/Vc? — a?, where ¢ is the distance of 
the axis of the cylinder from the plane and # the quantity 
of electricity on the unit length of the cylinder. [M. T.] 

211. A,, Q, A,, three points in order on a straight line, such 
that 4,9 = m, QA, = n, have charges 


¢ =X Vim (m + 2), & =—AVMN, & =A Vn(m + n) 


respectively. The charges e, e, produce potential zero on a 
spherical surface S, of radius a= Vm(m +n) with centre at 
A,, and the charges e,, ¢, produce potential zero on a spherical 
surface S, of radius 6 = Vn(m +n) with centre at 4, S, and 
S, cut each other orthogonally and together form the equi- 
potential surface due to ¢, e,, and e.. Show, by a method 
analogous to that of Section 65, that the resultant force at any 
point P of S,, due to e, and é,, is directed towards A, and is 
numerically equal to Ad? / a-A,P’, so that the whole force at 
P has the direction 4A,P and the intensity 


F, = d[1/a—88/a-A,P’). 


Find a similar expression for the whole force at any point of 
the surface S,. Show by the help of Section 31 that the surface 
integrals, taken over the larger segment of S,, of the normal 


| 
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components of the forces due to e,, e, and e, respectively are 
2re(1+m/a), 2ne, 2re,(1—n/b). Prove that if e, ¢, 
and e, were distributed on the surface composed of the larger 
segments of S, and S, according to the law «= F'/47z, the 
surface would be at potential A, and there would be no density 
at the circle of intersection of S, and 8, The charge under 
these circumstances on the larger segment of S, would be 


4[4(1 + m/a)+ e+ e,(1 —2/6)], 


or bA(at+b+m— Vmn—n), 
or #AO[ 1+ 3-4) AV Le], 


where 8= a/b. If bis very large compared with a, the larger 
segment of S, becomes nearly hemispherical; its charge is 
about 3Aa?/46 and its mean density 3\/87d. The mean 
density on S, when the ratio of a to 6 is small is nearly equal 
tor (40° — 3a’) /167b*. If a/b = 0, we have a hemispherical 
boss on an infinite plane; the ratio of the average densities of 
the charges on the boss and the plane is 3/2. 

212. A point charge e at (4, 0,0) and a point charge — e 
at (— 46, 0, 0) keep the plane x = 0 at potential zero. Show 
that if the system be inverted, using the point (— 24, 0, 0) as 
centre of inversion and 26 for radius of inversion, we obtain 
a spherical surface of radius 6, with centre at (— 0, 0, 0), kept 
at potential zero by the charge — e at the point (— 44, 0, 0), 
and the charge ge at (—40,0,0): this is the problem of 
Section 65. If the centre of inversion were (— 44, 0,0) and 
if a were 46, we should obtain by inversion a spherical sur- 
face of radius 26, with centre at (— 24, 0, 0) at potential zero, 
under acharge } ¢ at its centre, and an infinite charge at infinity 
which lowers the potential function at all finite points by e/4 0. 
If this last were omitted, the value of the potential function on 
the spherical surface would be e/44, as is otherwise evident. 
Invert a spherical surface uniformly charged with density o, 
using any point not its centre as centre of inversion. 
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213. Ifz=wt+e’;r=gd¢+etcosy, y=y+e?siny, the 
slopes of curves of constant ¢ are given by the equation 


dy /dx = — (1 + e* cos wy) /e? sin y, 
and the slopes of curves of constant y by the equation 
dy /dz = e? sin y /(1 + e? cos y). 


Show that: (1) The curve y=0 is the axis of «, and on it 
x= g¢+e%; large positive values of x and ¢ correspond, and 
large negative values correspond. (2) If y=7, y= and 
x= d—e?: the maximum value of « is —1, so that the 
curve y=7 is so much of the line y = 7z as lies to the left 
of x=—1. (8) The curve y =—7 is so much of the line 
y =—7 as lies to the left of x=—1. (4) The curve ¢=0 
has the slope — ctn} y and passes through the points (— 1, z), 
(—1, —7), (1, 0), (0, }r +1), (4,47 +4 V3). (5) The curve 


¢ =—m, where m is any positive quantity, les to the left 
of ¢ = 0, between the lines y = — 7, y=+7: it has the slope 
—(e" + cos y) /sin y, which is infinite when y= 0 or y= —7 or 


y =7, and has the minimum value Ve?” — 1, so that for values 
of m greater than 3 the line is hardly distinguishable from a 
straight line parallel to the axis of y, at a distance of (e~™ — m) 
to the left. (6) The curve ¢=-+ ™m, where m is a pesitive 
quantity, lies to the right of the curve ¢ = 0, it cuts the axis 
of y perpendicularly and meets (but does not cross) the lines 
y=—7, y= from without. The curves for which ¢ has 
the values 1, 2, 3, 4, 5, 6, 7 meet y= at points the abscis- 
sas of which are — 1.72, — 5.39, — 17.08, — 50.60, — 143.4, 
— 397.5, — 1090 respectively. (7) If so much of the planes 
y=+n7,¥=—7 a8 lie to the left of = —1 be considered 
conducting and be charged to potential + 7 and — z respec- 
tively, wy represents the potential function in the air near 
them. In this case the charge on either side of a strip of 
either plane between the planes « = — a, x = — 2, is equal, 
per unit length of the strip parallel to the 2 axis, to the 
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difference on that side of the plane between the values of ¢ 
for «= — x, and «= — a, divided by 4. On a strip of the 
plane y=7z, between x =—1 and x =— 50.6, there is, per 
unit height of the strip, a charge 1/m on the upper side 
and of 50.6 /4 7 on the under side: the charge on correspond- 
ing portions of y= — 7 being equal and opposite to these. 
[Helmholtz, Credle’s Journal, Vol. LXX.] 

State carefully some problem in electrostatics which might 
be solved by the use of the function z = A[ew + e]. 

A condenser consists of two very thin, large, plane, metal 
sheets of the same area parallel to each other at a distance 
of 1 millimetre. The dielectric is air and the difference of 
potential between the plates is 1 electrostatic unit (300 volts). 
Show that the density of the charge 2 millimetres from the 
edge is about 5/2a per square centimetre on the inside of 
the plate. 

Discuss at length the function 


z= Jad ¢ eal) arte i _ "(cone _ mm), 
sin (77) 

where 7 is any real constant between 0 and } [Harris, Ann. 

of Math., 1901], and state some problems of electrostatics 

which can be solved by its aid. 

214. Three closed surfaces 1, 2, 3 in order are equipotential 
surfaces of an electrostatic field in air. If an air condenser 
were constructed with the faces 1, 2, its capacity would be A, but 
if the faces were 2, 3, its capacity would be B. Show that if 
a condenser were constructed with faces 1, 3 while a homoge- 
neous dielectric of inductivity pw filled the space 1, 2, and a 
second dielectric of inductivity »’ the space 2, 3, the capacity 
of this condenser would be C,.where 1/C=1/pA+1/p'B. 

215. A condenser is formed of two concentric spherical con- 
ducting surfaces of radii a and ¢, separated by two dielectric 
shells bounded by a spherical surface of radius 4 concentric 
with the conducting surfaces. Prove that if in one shell 
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p= m/7? and in the other m'/r’, the capacity of the condenser 
is mm! /[m! (6 — a) + m(c — 6)]. 

216. If the space between two closed equipotential surfaces 
in air be filled with a dielectric the inductivity of which is 
either uniform or a scalar point function the level surfaces of 
which coincide with the equipotential surfaces of the field, the 
potential function without the shell will be unchanged, but its 
value within will be increased by a constant. 

217. An infinite dielectric is bounded by an infinite con- 
ducting plane which is maintained at a potential Av?, where r 
is the distance from a point O in the plane. Prove that if the 
inductivity of the dielectric varies as the distance z from 
the plane, the potential at any point is X(u* — 2”), where wu 
is the distance from an axis drawn through O perpendicular 
to the conducting plane. 

218. A distribution of matter consists of two portions 1G, 
in a homogeneous medium of inductivity p,, and J, in a 
homogeneous medium of inductivity », surrounding the other 
medium and reaching to infinity. An equipotential closed 
surface S, surrounds Jj, excludes M;, and les wholly in 
the first medium, a second closed equipotential surface S, 
surrounds M,, excludes JM,, and lies wholly in the second 
medium. Prove that if 7 is the distance from a fixed point O, 
if normals are drawn outward on S, and inward on S,, and if 
dr, and dr, are elements of space within S, and without S, 


respectively, 
mS) gH ee 
fe 
and 4npaVo=— mf f= ar +4nf f fe ts 


if O is without S,, and 


D,V “od 
— mf JH aS tba ff JO = bean 
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and 4m (Vo — Vs,) =— mf {> at dS 4 inf f f* — dr, 


if O is within S;. 

Show from these equations that if S, the surface of separa- 
. SO te : d 
tion of the two media, is equipotential, Sf Gai is equal 


to p,Vo if O is without S, and to p,Vo + (mw, — wi) Vy if O is 
within S. Give physical interpretations to these last results. 
How is the force at any outside point affected by the sub- 
stitution of one homogeneous dielectric for another in the 
whole region bounded by S? 

219. The open surface S is a surface of zero potential due to 
a distribution J, in an infinite homogeneous medium of induc- 
tivity », on the right of S, and to a distribution M, in an 
infinite homogeneous medium of inductivity », on the left of 
S. Sis the common boundary of the two media. Show that 


if rv is the distance from a fixed point O, SSSfee= pa V or 


p2V, according as O is to the right or to the left of S. 

220. The function W so vanishes at infinity that r?D,W, 
where r is the distance from any finite point, 1s not infinite. 
The normal derivative of W is given at every point of an 
infinite plane. Prove that if W is harmonic everywhere in the 
space on one side of the plane, it is determined in that region. 
Prove also that if Wis harmonic in the region on one side 
of the plane except at the given points. P,, P,, P;,---, P,, at 
each of which it becomes infinite in such a manner (ie if 7, is 
the distance from P,, and if m, is a constant belonging to this 


point, Ww —* is harmonic at P,, W is determined in the 
Tr 
region in question. 
221. Two homogeneous media of inductivities pw; and p. have 
a plane surface of separation but are otherwise unbounded. 
In the first medium at a point P at a distance a from the 
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common surface S of the two media is a charge « = mye. 
At Q, any point on S, the force due to this charge has the 
normal component ea/(PQ)’, or 8, pointing into the second 
medium. If N, and JN, are the normal components of the 
whole force at Q pointing into the two media, and if o! is 
the apparent density of the surface charge on the plane 


at 
©, N, =22c! — 8, N,=270' +8, 


and HM, + oN, = 0, M+ N= +420"; 
whence N, = 8[ (ta — oe) / (Ha + oe) — 1); 
and Ny, = 2 p8/ (or + pe): 


Prove that WN, might be caused by an apparent charge 
(14, — 2) @/ (fy + oe) at P', the image of P in the plane, 
together with an apparent charge e at P and that N, might 
be due to an apparent charge 2 p,e/(m, + wo) at P. Hence 
show by the aid of the theorem stated in the last problem 
that the potential functions due to these apparent charges are 
identical (one in the first medium, the other in the second) 
with the values of the actual potential function in the case 
described in this problem. The charge at P is urged towards 
the dielectric with the force aS ea, 
4a” pig + py 

222. Using the notation of Section 62, let the plate A of a 
spherical condenser be charged with m units of positive elec- 
tricity and separated from the plate B, which is put to earth, 
by a spherical shell of radii 7 and 7, made up of a given 
dielectric. Let us first ask ourselves what the effect of the 
dielectric would be if it consisted of extremely thin concentric 
conducting spherical shells separated by extremely thin insu- 
lating spaces. It is evident that in this case we should have 
a quantity — m of electricity induced on the inside of the 
innermost shell, a quantity + m on the outside of this shell, 
a quantity —m on the inner surface of the next shell, a 
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quantity +m on the outside of this shell, and so on. If 
there were m such shells in the dielectric layer, and » +1 
spaces, and if 6 were the distance from the inner surface of 
one shell to the inner surface of the next, and \8 the thick- 
ness of each shell, the value, at the centre of A, of the poten- 
tial function due to the charges on these shells would be 


1 1 1 1 
in pom ———— Se  ————eEeEEEE 
v= m| PoP r+28 Pov EDO 
1 1 
mis ii EE re rear 


i 1 


This quantity lies between 
k=n k=n—1 


1 1 
G=— ms) Gy yppmail=— ms Aaa 


but these differ from each other by less than « = mad = a cos 


—Q—A)8 yp 
so that — mrf ? which is easily seen to lie between 
G and H, differs from V,' by less thane. If, then, 8 is very 


small in comparison with rv and 7,, V_,' differs from m7 = =) 
t 


by an exceedingly small fraction of its own value. 

This shows that the effect, at the centre of A, of such a 
system of conducting shells as we have imagined would be 
practically the same as if a charge — md were given to the 
inner surface of the dielectric, and a charge + md to its outer 
surface, while the charges on the surfaces of the thin shells 
within the mass of the dielectric were taken away. That is, 
the value of the potential function in A would be 


m(1 — d) ic = *) instead of mC — zh 
a r i@ r 


418 MISCELLANEOUS PROBLEMS. 


Such a system of shells introduced into what we have hitherto 
supposed to be the electrically inert insulating matter between 
the two parts of a spherical condenser would increase the 
capacity of the condenser in the ratio of 1 to 1—A. It 
is to be noticed that » is a proper fraction: A=0 and A= 1 
would correspond respectively to a perfect insulator and to a 
perfect conductor. 

If the coatings of a parallel plate air condenser be in the 
planes « = 0, « = a, and if the first have a uniform superficial 
charge of density —o and be kept at potential zero, the 
potential function in the air between the plates is evidently 
47ox. Show that if a number of plane plates of metal of 
small thickness X86 be uniformly distributed between the coat- 
ings parallel to the yz plane so as to be separated from each 
other by air spaces of thickness (1 — A)8, the capacity of the 
condenser will be increased in the ratio of » to 1, where 
w=1/a—d). Show also that if 6 be made infinitesimal 
and X a function of x, we have between the coatings in the 
limit, »D,V =4 70, or D,(uD,V)=0, the differential equa- 
tion which V would satisfy in a real dielectric of inductivity 
varying with w Treat again, on the assumption that A 
varies with 7, the case of the spherical condenser considered 
above. 

223. The potential function V due to an electrical or mag- 
netic distribution in an inductive medium, may be computed 
according to the Newtonian Law by taking into account both 
the intrinsic and the induced charges. If p, and ao are the 
intrinsic volume and surface densities, and if the integrations 
extend all over the space where p, and o, are different from 
zero, the potential energy of the distribution is usually written 


ff Vovdr +3 f° Vo,dS, 


a aS J SADT + D0) + DVI ae 
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Why should not the apparent volume and surface densities 
be used in finding the energy by the equation 


H=4{f Vodr +3 VodS? 


Answer this question fully, using an illustrative numerical 
example to explain your assertions. 

Assuming that the energy of an electrostatic field would be 
mathematically accounted for on the supposition that every 
volume element of space at which the intensity of the field 
is F contributes #? /8 7 times its volume to the whole amount, 
show that if a tube of force be cut into cells by a set of equi- 
potential surfaces drawn at equal potential intervals, these 
cells contain equal amounts of energy. Show how to divide 
all space up into unit energy cells. Discuss the mechanical 
action on a charged conductor in an electric field on the 
assumption that there is tension along the Faraday tubes 
which abut on the conductor, such that the normal pull on 
the conductor per square centimetre of its surface is #?/8 7. 
Discuss the pressure at right angles to the Faraday tubes in a 
dielectric. 

224. The space between two concentric spherical surfaces, 
the radii of which are a and } and which are kept at potentials 
A and B, is filled with a heterogeneous dielectric, the induc- 
tivity of which varies as the mth power of the distance from 
their common centre. Show that the potential function at 
any point between the surfaces is 


(Aan — Bor) (a) — 9) — a 1041 (A — B) Jr) (att — pnt), 


225. A condenser is formed of two concentric spherical con- 
ducting surfaces separated by a dielectric. This dielectric 
consists of three shells bounded by spherical surfaces of radii 
71, Yo, 7, and 74, concentric with the conductors. The induc- 
tivities of the inner and outer shells are equal to p,, and that 
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of the intermediate shell is », Show that if C is the capacity 
of the condenser, 


1 dahiyt Wt 
C (een tem ee TPE TS fs Pals 


226. The plates of a condenser are two confocal prolate 
spheroids and the inductivity of the dielectric is A /p, where 
p is the distance of any point from the axis. Prove that the 
capacity of the condenser is 


Ay (loetaety lox (a 4-6) 1s 


where a, 6 and a, 0, are the semiaxes of the generating 
ellipses. 

227. The plates of a condenser are the closed metallic sur- 
faces S, and S, When S, is at potential zero and S, at 
potential V,, the potential function in the air between them 
is given by the equation V=/(a,y,z). The tube of force 
based on a portion (,') of S, abuts on a portion (S,') of S,. 
If the air in this tube were displaced by a homogeneous dielec- 
tric of inductivity m, and if the charges on S,' and S,' were 
increased in the ratio », while the charges on the remainder 
of S, and S, were unchanged, would the force at every point 
be unchanged? Would there be a discontinuity in the sur- 
face density of the apparent charge on S, at the boundary 
Of De 

228. How many square centimetres of tin foil must be used 
in making a single parallel plate condenser of one microfarad 
capacity, if the two sheets of foil are to be separated from 
each other by paraffined paper the thickness of which is one- 
fifth of a millimetre, and the specific inductive capacity 2? 
[72,000 7.] Would the required amount be the same if the 
condenser were made up of a pile of sheets of foil alternating 
with paper, the odd sheets forming one terminal and the 
even sheets the other ? 
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229. Show that the generalized Poisson’s Equation, 
D,(uD,V) + D,(uUD,V) + D, (uD, V)=— 42, 


is equivalent to 


if €, », € are any orthogonal curvilinear coérdinates. 
In the case of spherical codrdinates, where h, = 1, hg =1/1, 
hg =1/rsin 6, the equation is 


sin’. D,(ur?D,V) + sin 6- Dg(p sin 6DeV) 
+ Ds (um Ds V) =—4 apr sin? 6, 


and, in columnar coérdinates, where h, = 1, hg =1/r, h, =1, 
it is r-D,(u7rD.V) + Do(p DeV) + 7?-D,(u DV) = — 4 pr’. 

230. Show that if the poles of a battery, made up of a given 
number of equal cells, are to be connected by a resistance R 
greater than the sum of the resistances of all the cells, the 
greatest current will traverse & when the cells are joined up 
in series; but that if R is very small, the cells should be joined 
up in multiple arc. If & is such that by arranging the cells 
in a certain number of parallel rows and joining up the num- 
bers of each row in series, the resistance of the whole battery 
can be made equal to R, this arrangement will give the maxi- 
mum current. 

231. A battery is joined up in simple circuit with a resistance 
Rand a galvanometer of resistance G. After the deflection of 
the galvanometer has been noted, an additional wire (or shunt) 
of resistance S$ is placed across the poles of the battery, and the 
resistance & is decreased (to 7) until the galvanometer deflec- 
tion is the same as before. Assuming that the electromotive 
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force of the battery remains constant, show that the resistance 
Simos 
Gor 
232. Using the potential function V = c logr +d, where r 
is the distance from a fixed axis, show that the resistance of a 
conductor bounded by two concentric circular cylindrical sur- 
faces of radii a and 6, and by two planes, distant 4 from each 
other, perpendicular to the axis of the cylindrical surfaces, is 


log (2) 


2 arhk 


of the battery is [ Thomson. ] 


Apply the result to the problem of finding the resistance of 
the liquid in a cylindrical galvanic element. 

233. Using the potential function, V = clog(7,/7), where 
r, and vr, are the distances from two parallel fixed axes, 
show how to find (see Fig. 59 and Problem 207) the resist- 
ance of a conductor bounded by two parallel planes and by 
two somewhat eccentric circular cylindrical surfaces which cut 
the planes orthogonally. In the case of an element in which 
the zine electrode is a cylindrical rod and the copper elec- 
trode a cylindrical shell surrounding it, is the resistance of the 
liquid greater or less when the zinc is eccentric to the copper 
shell than when it is concentric with it? 

234. If two points, A and B, of a network of conductors 
which are carrying steady currents, be connected by an extra 
conductor W, A and B are said to be at the same potential if 
no current passes through W. A is said to be at a higher 
potential than B if a current tends to pass through W from 
Ato B. In this case the difference of potential between A 
and B is defined to be the electromotive force (in volts) of a 
galvanic cell which introduced into W with its positive pole 
towards A would just prevent any current from passing 
through W. 
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Three cells of electromotive force 2 volts, 1 volt, and 1 volt 
respectively, and internal resistances of 1 ohm, 2 ohms, and 
4 ohms are joined up in series with a resistance of 1 ohm. 
Show that the potential differences between the terminals of 
the separate cells are +3, 0, and —1 respectively. If the 
external resistance were 9 ohms, the corresponding potential 
differences would be + 7, + 4, 0. 

235. The terminals of a compound condenser formed of 
three simple condensers, of capacity 2 microfarads, 3 micro- 
farads, and 6 microfarads respectively, joined up in series, 
touch the ends of a linear conductor of 22 ohms resistance 
through which a current of 3 amperes is flowing. What are 
the charges on the single condensers? Show that if with- 
out loss of the charges the condensers be disconnected and 
joined up in parallel with their positively charged plates in 
connection, the difference of potential between the terminals 
of the new compound condenser will be 18 volts. What 
charge will each of the simple condensers have? [66; 36, 54, 
108. | 

236. Prove that if a condenser of capacity & farads. be 
charged to potential @,/k and then discharged through a 
large non-inductive resistance, 7 ohms, the charge @ of the 


condenser ¢ seconds after the beginning of the discharge is 
—F 


Q,-e* ; and show that not one ten-thousandth part of the 
original charge remains after 10kr seconds. 

Show also that the energy that has been expended up to 
the time ¢ in heating the wire is 


t 


2 2 
Oe" 14 —e *) joules. 


2k 

237. The terminals of a condenser of & farads capacity 
are attached permanently to the poles of a constant battery 
of electromotive force # volts by leads of large resistance, 
r ohms. After the condenser has become fully charged its 
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terminals are suddenly connected together without removing 
the battery by a conductor of large resistance, # ohms. 
Assuming that the solution of a differential equation of the 
form Dy+ay=b is y=b/a+ Be“, show that at the 
time ¢ the charge on one of the condenser plates is 


v= SR ae) 
where G= re + r) /rRk, 


238. A galvanic battery is composed of two galvanic cells, 
the electromotive forces of which are e, and e, and the inter- 
nal resistances 8, and 8,, joined up in multiple are. The 
poles of the battery are connected by an external resistance 
of r ohms. Show that if C, and C, are the strengths of the 
currents flowing through the cells, 


C, = [eb, + 1 (e — &)] + [b.5. + 7b, + 5,)], 
Cz = [egby + 7 (€, — &) ] + [Ode + 7G, + 5) ]. 


239. A galvanometer of 9 ohms resistance is to be furnished 
with two shunts, such that when the first alone is used 1, 
of the current shall pass through the instrument, and that 
when both are used in parallel, 29/30 of the current shall 
pass through them. Prove that the resistance of the second 
shunt must be 9/20. 

240. A storage battery is used to send a current through a 
cluster of incandescent lamps arranged in muitiple are. The 
resistance of each lamp when hot is 100 ohms. When 10 
lamps are used the current through each is 1 ampere, but 
when 20 are used this current is only 4} of an ampere. 
Find the resistance of the battery and its eeanecnes and 
show that the electromotive force of the battery is 110 volts. 

241. If a number of cells of different electromotive forces 
but of equal internal resistances are joined up in multiple 
arc, the battery thus formed is equivalent, so far as its ability 
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to send currents through outside resistances is concerned, to 
a single cell the electromotive force of which is the mean of 
the electromotive forces of the cells in the battery. Find the 
resistance of this equivalent cell and show that it would be 
more “effective” when doing a given amount of external 
work than the battery. How much work is done in the 
battery per second when the external circuit is broken? 

242. A certain uniform cable 50 kilometres long has, when 
in good condition, a resistance of 450 ohms. The operator at 
one end finds that the resistance is 270 ohms or 350 ohms 
according as the other end is grounded or insulated. Suppos- 
ing the ground connections at the two stations to be good, so 
that the resistance of the earth is negligible, and assuming 
that there is a single fault in the cable, show that this fault 
is 16.67 kilometres from the first station and that its resist- 
ance is 200 ohms. 

243. A cable 500 kilometres long with stations A and B at 
its extremities has a single fault, but is not so much injured 
that’ signals cannot be sent through it. With cable insulated 
at B, the operator at A grounds one terminal of a large bat- 
tery and attaches the other terminal to the cable. After this 
has been done the operators find that the difference of poten- 
tial between the cable and the ground is 200 volts at A and 
40 volts at B. The cable at A is then insulated, and one 
terminal of a large battery at B is grounded while the other 
is attached to the cable. The difference of potential between 
the cable and the ground is then 300 volts at B and 40 volts 
at A. Show that the fault has a resistance equivalent to 
that of 47.62 kilometres of cable and is at 190.5 kilometres 
from 4. Explain some way of measuring the potential differ- 
ences in this case. 

24a in anetwork 1A, PB_PC, FD Ab, BC, CD, DA, 
the resistances are 


a, Bs ne) 8, y +8, d+a, a+ 6, B+y 
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respectively. Show that if AD contains a battery of elec- 
tromotive force #, the current in BC is 


A (aB + y8) # 

PN + (BS — ay)? 

where A=H=at+B+y74+54, 
and w= By + ya + a8 + ad + BS + yd.” 


245. Show that if the edges of a parallelopiped be formed 
of uniform wire such that the resistances of three contermi- 
nous edges are a, 6, and c respectively, and if a current enters 
at one angle and leaves at the opposite angle, the resistance 
of the network is $[(a + 6+) + abe/(ab + be + ea) }. 

246. (a) A tetrahedral framework is made of uniform wire, 
opposite edges being equal and of lengths a, 0, ¢. If a cur- 
rent enters and leaves the framework at the ends of an edge 
of length a, the strengths of the currents in the pairs of edges 
of length a are in the ratio 


b(a+c)+c(a+ 6b): b(a+ ¢)—c(a+t+ bd). 
[Jesus College. | 


(6) Show that the resistance of the whole framework is that 
of a length of the wire equal to $[ab/(a+c)+ac/(a+6)]. 
[St. John’s College. ] 

247. Show that if telegraph poles, each of resistance R, 
be joined in pairs, each to all the others, with wires of resist- 
ance 7, and if an electromotive force # be inserted in one of the 
wires, the current in that wire is H{R(n — 2) +7} /r(nR +7). 

248. An electric distributing conductor 6 miles long gives 
out continuously 50 amperes of current per mile of its length. 
The end of the conductor remote from the generator is insu- 
lated, while the nearer end is kept at 1000 volts potential. 
Show that if the resistance per mile of the conductor is 
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1 ohm, the voltage at a point on the line x miles from the 


2 
a given portion of the line is delivering power. 

249. A Wheatstone’s bridge in proper adjustment consists 
of four conductors, 4B, BC, CD, DA, which have respec- 
tively the resistances p, g, s, and rv, The galvanometer is 
connected with A and C and the battery with Band D. The 
electromotive force of the battery is H, and the resistance of 
the battery with its connecting wires is 6. Prove that the 
heat developed per unit time in the conductor AB is the 

Eqrs ; 
[b+n) +r@+s)F 

250. A generator of constant electromotive force H and 
of constant internal resistance B is used to charge a storage 
battery which now has an electromotive force e and an inter- 
nal resistance 6. Show that if the poles of the storage bat- 
tery be connected by a conductor of resistance 7, a current 


generator is v = 502 € = 6) +1000. Find the rate at which 


equivalent of the energy 


C' = (Be + bE) +[(B+b)r+ Bb] 


will go through this conductor. 

251. The conductors 4B, BC, CD, and DA have the resist- 
ances p, g, 7, and s respectively. A is connected with C by 
a battery of internal resistance 6 and electromotive force e. 
B is connected with D by a battery of internal resistance 0’ 
and electromotive force e'!. Prove that if the current in AC 
is zero, 


hip ag + rat skp DG hs he (prs) = 0. 


252. Aconductor of given dimensions made of given material 
has two given portions S, and S, of its surface kept at constant 
potentials while the rest of its surface is a current surface. 
Show that if V is the potential function within the conductor, 
when S, is kept at potential C, and S, at potential C,, and 
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if V' is the potential function, when S, is kept at C,' and 


4 ! 
daa ie Pe ae eos (6 Tie cCOO 
Fs (Cee CnC. 


253. One end (0) of a straight wire of radius a and length 
lis kept at potential V,, and the other end (Q) at potential 
V,. The specific conductivity of the wire is x and its resist- 
ance per unit length is w, so that the reciprocal of w is equal 
to wa’x. The wire is surrounded by an insulating sheath, the 
outside of which is in contact with sea water at potential 
zero. The rate of leakage per unit length of the wire or 
cable through the sheath at a place where the potential of 
the wire is Vis 2a7aXV. The reciprocal of 27a is denoted 
by W and is called the “insulation resistance” of the cable 
per unit length. The rate of flow of electricity into a portion 
of the cable of length Az, included between two right sections, 
the nearer of which is distant « from O and is at potential 
V, is — xra?D,V. The rate of flow of electricity out of this 
element through the sheath and from the farther end is 
— xra’ (D,V + A,D,V) + 2m0XVAx. When the current 
is steady the element neither gains nor. loses electricity 
and x7o?A,D,V — 2m7aXVAx = 0, so that at every point 
D2V—BV=0, where B? =w/W. The general solution of 
this equation is of the form V = Ae&* + Be, and if we 
determine 4 and Bsothat V= V, when x=0,and V= V, when 
x =l, we get V =[V, sinh (Gx) + VY, sinh B (2 — x) ]/sinh (B)). 

Show that if the current which enters the cable at O is J, 
and that’which leaves it at Q is J,, and if J denote the current 
in the core at a point at a distance a from O, 


I=[V, cosh B (1 — x) —V, cosh (8x)] /[VoW sinh (BD) ] 

= I,[ Vy) cosh B (t — x) —V, cosh (Bx) ]/[ V cosh (B72) — V4], 
I,=[V% — V, cosh (82)]/[VoW sinh (62)] 

= 1, [V, —V; cosh (Bl) ]/[ V, cosh (Bl) — Vy]. 
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Show also that if the end of the cable at @ be insulated 


and left to itself, V,= » but if it be put to earth, 


Vo 
cosh (82) 
V=V,sinh B(/— 2x) /sinh (Bl). If in this latter case the 
cable were infinitely long, we should have V =V, e-8 and 
I= [ef = Vye—Be /Vw W. 

The whole core resistance of a certain cable 1000 miles long 
is 2000 ohms. When one terminal of a battery (the other 
terminal of which is put to earth) is attached to one end of the 
cable and the other end of the cable is grounded, the current at 
the sending end is to the current at the receiving end as 1.1276 
tol. Show that the insulation resistance of the cable per mile 
is 8 megohms. In the Atlantic cable of 1889, w = 1.54 ohms 
per kilometre, and W= 9,085,000,000 ohms per kilometre. 

254. The conduction resistance of a certain cable 1000 miles 
long is 10 ohms per mile, whilst the insulation resistance is 
10 megohms: if the sending end be at a given potential and 
the receiving end to earth, find the whole charge of the cable 
when a steady current passes through it. Show that if the 
cable have a leakage fault at the middle point the resist- 
ance of which is equal to that of a length of a miles of the 
cable, the strength of a steady current at the receiving end 


—1 
will be lowered in the ratio 1:1+ ave ie Ph dd Oa 
a e+ 


255. Prove that if any finite set of algebraic operations be 
performed upon the complex variable z= + yi taken as a 
whole, and if the result [w= /f(z)] be written in the form 
(x, y) + 7-¥(a@, y), where ¢ and y, which are said to be con- 
jugate to each other, are real functions of x and y: 

(2) Both ¢ and y satisfy Laplace’s Equation. 

(6) D,» = D,yw and D,d = — Dy. 

(c) At any point P, the derivative of ¢ taken in any direc- 
tion PQ in the plane xy is equal to the derivative of y taken 
in a direction PR at right angles to PQ, and such that the 
angle QPF corresponds to a counter-clockwise rotation. 
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(d) The equations ¢(x, y)=¢, ¥(x, y)=c' represent two 
families of curves which cut each other orthogonally. 

256. Prove that: 

(a) If ¢ and yw are any two conjugate functions of x and y, 
that is, if ¢ + zw is a function of the complex variable x + yi, 
taken as a whole, then, conversely, x and y are two conjugate 
functions of ¢ and y. 

(6) If @ and y are any two conjugate functions of x and y, 
and if a and B are any two other conjugate functions of x 
and y, and if for # and y in the expressions for ¢ and y we 
substitute the expressions for a and f£, we shall get two new 
conjugate functions of # and y. 

(c) If ¢, and y,, ¢,and y, are any two pairs of conjugate func- 
tions, ¢, + d, and wy, + yz are conjugate functions of x and y. 

257. Prove that in any case of steady uniplanar flow of 
electricity — that is, flow which at every point is parallel to 
a given plane, and of such a character that its intensity and 
direction are the same at all the points of any line drawn per- 
pendicular to the given plane —there exists a function con- 
jugate to the potential function. This function is called the 
“flow function.” 

258. Show by the ordinary rules for treating imaginary 
quantities that, if z= a+ yi, 22, Vz, log e will yield respec- 
tively the following pairs of conjugate functions: A(x? — y?), 


6 : ; 
—2Axy; Artcoss, Ar? sin kag Alogr, AO; where r? = x? + 7? 


2 ) 
and @ = es State some problems of steady flow within 


conductors which these conjugate functions will help to solve. 

259. Show that, with certain broad limitations, either one 
(say #) of any pair (¢, W) of conjugate functions of x and y may 
be taken as the potential function in empty space due to an 
electrostatic distribution the density of which is a function of x 
and y only, and which, therefore, must be constant at all points 
on any indefinitely extended line drawn perpendicular to the 
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plane of xy. Show also that in the case of the same distribution 
the other function y will be constant along any line of force. 
260. Show that either one (say ¢) of any pair (¢, y) of con- 
jugate functions of x and y may be taken as the potential func- 
tion inside a conductor which carries a steady current flowing 
at every point in a direction parallel to the plane of zy, and the 
same in intensity and direction at all points of any line drawn 
perpendicular to this plane. Show that in this case the other 
function y will be constant along any line of flow, and that the 
two equations ¢=c, wy =c! represent respectively, if c and c! 
are parameters, cylindrical equipotential surfaces and cylin- 
drical surfaces of flow. If ds is the element of any curve AB 
in the plane xy, and if D,¢ is the derivative of ¢ taken in the 
direction of the normal to ds which points towards the right as 


2 B 
one goes along the curve from A to B, the integral —k | D,d¢-ds 
A 


gives the amount of positive electricity which crosses per unit 
of time from left to right so much of a right cylindrical surface 
erected on AB as is enclosed by two planes parallel to the 
plane of xy and at the unit distance from each other. Since 
D,,>= D,w, the integral just considered is equal to — k(Wz—w,4), 
and — k& times the difference between the values of y on two 
right cylindrical surfaces of flow gives the amount of flow 
across the unit height of so much of any cylindrical surface 
which cuts the plane of xy at right angles as is included 
between the given surfaces of flow. 

261. Prove that: 

(a) If 7, ro) 7s) -+, 7 are the lengths of the radii vectores 
drawn from any point P to any m parallel axes, and if 6,, 
6,, 03, --- 9, are the angles which these radii vectores make with 
a fixed line in the plane of xy which is perpendicular to the axes, 


$ = A, logr, + A, logr, + A; logr; + --- + A, log7,, 
wy — A,6, + Ay, SF AsO ar . ats ae A,96,, 


are conjugate solutions of Laplace’s Equation. 
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(6) The equation y=c!' represents for each value of c' a 
cylindrical surface which passes through all the axes. 

(c) For very large values of ¢, the equation ¢ = ¢ represents 
as many closed cylindrical surfaces, each surrounding one of 
the axes, as there are positive terms in the expression for ¢. 

(d) For very large negative values of c, the equation ¢=c 
represents as many closed cylindrical surfaces, each surround- 
ing one of the axes, as there are negative terms in ¢. 

(e) If 3A =0, no one of the cylindrical surfaces y = c' ends 
at infinity. 

(f) The value of {i D,o-ds taken around any closed curve 


in the plane xy which surrounds the jth axis and no other is 
equal to the change made in y by going around the curve, and 
this is 2 74,. 

(g) However the axes may be distributed and whatever 
values may be assigned to the A’s, ¢ represents the potential 
function corresponding to a uniplanar flow of electricity * 
within the substance of an infinite conducting lamina, either 
thick or thin, when cylindrical holes, on the curved surface of 
each one of which ¢ is constant, are cut through the lamina 
so as to remove all the axes, and if the curved surfaces of 
these holes are kept at potentials equal to the values of ¢ on 
them. This is practically the case of a very large thin sheet 
of metal touched at certain points by the ends of wires con- 
nected with the poles of batteries. 

(2) If in the value of ¢ there is an even number (2m) of 
terms, half of which are positive and half negative, and if, 
moreover, all the A’s are numerically equal, we have the case 
in which m similar pieces of wire connected with the positive 
pole of a battery touch a thin sheet of metal in m places, and 
m similar pieces of wire connected with the negative pole of 


* See papers by Foster and Lodge in the Philosophical Magazine for 
1875 and 1876. 


MISCELLANEOUS PROBLEMS. 433 


the battery touch the metallic sheet in m other places. In 
this case, if P, and P, are any two points in the metal, the 
resistance of so much of the sheet as lies between the equipo- 


tential surfaces on which P, and P, lie is #7, OP, when $ is 
2 rAnkd 
the thickness of the lamina, and £ its specific conductivity. 

(z) If ¢ consists of two terms the coefficients of which are 
numerically equal but opposite in sign, we have the case of a 
thin sheet of metal touched at two points by the two poles of 
a battery. Here the curves in the plane xy, for which y is 
constant, are circles (Fig. 59) the centres of which are on the 
line which bisects at right angles the line which gives the 
points where the battery electrodes touch the sheet. 

Show that this value of ¢ enables us to find the resistance 
of a thin circular disc touched at two points on its circumfer- 
ence by the poles of a battery, and hence, by superposition, 
the resistance of such a dise touched by any number of pairs 
of battery poles at different places on the circumference. 
State other problems which an inspection of Fig. 59 shows 
can be solved by the aid of the value of ¢. 

(j) If ¢ is made up of an infinite number of terms with 
coefficients all numerically equal, but alternately positive and 
negative, and if the corresponding axes cut the plane of «xy in 
a straight line so that the distance between any axis and the 
next is b, certain of the lines of force in the plane of xy will 
be straight lines which cut at right angles the line on which 
the traces of the axes lie. Show that by aid of this ¢ we can 
find the resistance of a lamina of breadth 4, and of infinite 
length when touched at two points opposite each other, one 
on one edge, and the other on the other. Draw from general 
knowledge a diagram which shall give the shape of the lines 
of flow and the equipotential lines in such a lamina. 

262. (a) Show that if in a thin conducting plate of indefi- 
nite extent there are two sources and a sink, each of strength 
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numerically equal to m, situated respectively at points A, B, 
C, which lie in order upon a straight line, one of the lines of 
flow consists in part of a circumference of radius VCA- CB 
drawn around C as a centre, so that the flow inside the 
circumference would be unchanged if the part of the plate 
outside it were cut away. In other words, if a circumference 
be drawn in a thin conducting plane plate of indefinite extent, 
the “image” in this circumference of a source, of strength m, 
situated at a point P in the plane, is made up of a sink, of 
strength m, at the centre of the circle, and a source of the 
same strength at Q, the inverse point of P with respect to 
the circumference. 

Show that if a sink be regarded as a negative source, and if, 
inside a circumference drawn in a thin plane conducting plate 
of indefinite extent, there are sources at the points A4,, A,, 
A,,---, A,, of strengths algebraically equal to m,, m,, ms, 
-++,m, respectively, and sources of strengths algebraically 
equal to — m,, — m,, — mgs, ---, — m,, at the corresponding 
inverse points, then, if m,+m,+m,+---+ m,=0, there 
is no flow of electricity across the circumference. 

If at a fixed point P in a thin plane plate (Fig. 127) there 
is a sink of strength numerically equal to m, and at another 

P@ point P! in the plate an equal source, and if P' 

be made to approach P as a limit and the prod- 

A a uct m-PP' be kept always equal to a given con- 
Pp X stant uw, we have as a limit a “plane doublet ” * 

of strength p, the axis of which is PX, the limit- 
ing position of the straight line drawn from P 
to P'. We shall find it convenient to represent sources and 
sinks respectively by black and unshaded circles, and doublets 
by circles half black and half unshaded. The black portion 


Fie. 127. 


* Kirchhoff, Pogg. Ann., 1845, p. 497. W. R. Smith, Proc. Ed. Roy. 
Soc., 1869-70. Foster and Lodge, Phil. Mag., 1875. Minchin’s Uniplanar 
Kinematics, p. 213. Peirce, Proc. Am. Acad. of Arts and Sciences, 1891. 
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of a doublet circle indicates the directions in which there is 
a flow away from the point where the doublet is situated ; 
the unshaded portion indicates the directions from which 
there is a flow towards this point. The axis of a doublet 
bisects both the black and unshaded portions of the doublet 
circle. Show that if P be used as origin and PY as axis 
of abscissas, the velocity potential function due to the doublet 


5 we px pee ee HY 

is ¢=— B+? and the flow function is Dae aaa If 
x + yi = 2, these are respectively the real part and the real 
factor of the imaginary part of the function ait The 


equipotential lines and the lines of flow are circles (see 
Fig. 128) touching the axes of y 
and x respectively at the origin. 

A “plane quadruplet” is 
formed of two equal and oppo- 
site plane doublets in the same » 
manner that a doublet is formed 
out of a source and an equal 
sink. An “octuplet” is formed 
in a similar way of two equal 
and opposite quadruplets, and 
so on. We may use the word 
‘‘motor” to denote in general a Fig. 128. 
source, a sink, a doublet, a quad- 
ruplet, or any other combination of sources or sinks at a 
single point. 

(6) The upper circle in Fig. 130 shows the plane quadru- 
plet formed by combining the two plane doublets indicated in 
the lower part of this diagram. Show that the flow function due 
to a quadruplet of this kind at the origin is — 2 kay / (2? + ¥’)’, 
while the flow function due to such a quadruplet as that 
shown in Fig. 131 will be k(a’—y’)/(a@’+~y’)% One of 
these quadruplets is evidently equivalent to the other turned 
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through 45°. Find the flow function due to an octuplet of 
the kind shown in Fig. 132 at the origin. 

(c) Show that the lines of flow due to a plane doublet may 
be regarded as the lines of force due to a columnar magnet of 
infinitely small cross-section. 

(d) Show that the functions 


te iy 6 
log z, Pie SN = Teg QF) 
each of which is the derivative with respect to z of the one 
which precedes it, yield a series of pairs of conjugate func- 
tions which represent in order the velocity potential functions 


and the flow functions due to a source at the origin, to a plane 


© \S © +) 
eo © od e@- 8 © 


Fic. 129. Fic. 180. Fire. 131. Fie. 182. 


doublet at the origin, to a plane quadruplet at the origin, to a 
plane octuplet at the origin, and so on. 

(e) Show that if two plane doublets Z and M exist together 
at a point O, and if the directions of the two straight lines OA, 
OB show the directions of the axes of Z and I respectively, 
and the lengths of OA and OB the strengths of Z and M on 
some convenient scale, then the direction of the axis of the 
resultant of Z and M will be given by the direction, and the 
strength of the resultant by the length, of the diagonal of 
the parallelogram of which OA and OB are adjacent sides. 
Plane doublets, then, can be compounded and resolved by com- 
pounding and resolving their axes like forces or velocities. 

263. If a charge + m concentrated at a point @ be made to 
approach on any analytic curve a point charge — m at a fixed 
point P on the curve, and if as Q approaches P, m is made to 
increase in such a manner that the product of m and PQ is 
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always equal to the constant y, the limiting value of the poten- 
tial function of the system is said to be due to a space doublet 
of strength » at the point P, and the axis of the doublet is 
said to be the limiting position of the secant PQ. Show 
that if 7 is the distance of any point P’ from P and if 6 is 
the angle between the axis of the doublet and PP’, the value 
at P' of the potential function due to the doublet is pcos 6/7”. 

The force components along and perpendicular to 7 are 
2u.cos 6/7’? and » sin 6/7*. The potential function (Section 69) 
due to a doublet at the origin with axis coincident with the 
% axis is px /7°. 

The potential function due to a mass — m at the point (4,0,0), 
a mass + m at the point (6 + 4, 0, 0), a mass — ma/(b + 8) at 
the point (a? /() + 4), 0,0), and a mass ma/b at the point 
(a /6, 0, 0), where 6 and 6 are smaller than a, has the value 
zero on the spherical surface 2? + y? + 27= a’. Prove that if, 
while a and 6 are constant, § be made to decrease indefinitely 
and m to increase in such a manner that their product shall 
always be equal to the given constant pu, the limiting value 
of the potential function will be 


p(@—2)/[@— bet ye +2} + ap [Be + 7 +2) 
— ar] /[(be — a + PY + 2} 


If 6=0, this expression becomes psx (a* — r*) /a*r*, where 
P=o2+y? +2. What problem in electrostatics can be solved 
by the aid of this last function? Is the image of a doublet 
in a spherical surface another doublet ? 

264. <A straight wire of radius a which forms the core of a 
cable of length 7 lies in the axis of w with one end at the 
origin and the other at the point (/, 0,0). The whole of the 
outside of the insulating covering of the cable and the core 
at the point (/, 0, 0) are kept at potential zero, while the core 
at the origin is at the potential V,. Show that if ¢ is 
the capacity per unit length of the cable considered as a 
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condenser, & the ratio of the conductivity per unit length 
of the core to c, and h the rate of loss of electricity by leak- 
age through the insulation per unit length of the cable when 
the difference of potential of the core and the outside of the 
cable is unity, the value of the potential function V in the 
core satisfies the equation 


DV= k-D2V—2Y, and if V = we-"/*, Dw = k- D2w- 


Show also that in the final state, when V satisfies the equa- 
tion D2V =hV/ke and is equal to V, when « = 0, and to 
zero when x =/, the value of V is given by the expression 
[V,-sinh Bx + V,-sinh B(/ — x)]/sinh Bl, where f? = h /ke. 

Prove that any quantity of the form A,-e—* cos (na — 3), 
where A = kn’, satisfies the equation Dw = k- Dw, and that 
if 5 =17, n = sr/l, where s is an integer, and 

A, = — 2ckas-cos sr- / (AP? + cks*x*) ; 
the expression 
Wy =) A,e—™ sin nx vanishes when x = 0 or x = J, 
s=1 
and, when ¢ = 0, is equal to —sinh B(J — x) /sinh Bl. Hence 
prove that the expression 
V=/,{sinh Bi —2) /sinh Bl. — sce?) 

gives the value of the potential function in the cable, if, 
when the whole core is at potential zero and the farther end 
permanently grounded, the point « = 0 is suddenly raised to 
potential V, at the time ¢=0, and kept there. The current 
(C) at any point is given by the negative of the derivative of 
the potential function with respect to x, divided by the resist- 
ance p of the core per unit length, so that 


pC = V.[B-cosh B(/ — x) /sinh Bl 


+ (sr /l)re Rig se -A,e~* cos na]. 
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If the insulation is so good that 2 may be neglected, 


V=V,[(¢—«x)/l—2-cossr- dye sin na) / rs], 


and the current is 


(Vo /pl) (A + 2-cos aa) on™ COS na). 


265. The terminals of a battery of electromotive force EZ, 
volts and internal resistance } ohms are suddenly connected, 
through a non-inductive conductor of resistance 7 — d ohms, 
with the coatings of a condenser of & farads capacity. Show 
that after ¢ seconds the condenser is charged to potential 
difference H volts, where H= £,(1 — e/*") = E,T, and that 
the charge on the positive plate is Hk units. If ¢= ,, kv, 
G—).09bs 1 tek? = 0181 sift = 1k P= 0.393.< if 
te kr, = 0652 210 t= 2hr 2 — 0.865 ; if $= 3 kr eT = 0.950 ; 
iho b kr; 7 =0993, anditt—7 kr, T =,0.999. 

Show that if the condenser just mentioned had been leaky, 
its dielectric having a resistance of only #& ohms, the charge 
on the positive coating after ¢ seconds would have been 
E,kk 
ie oa kf 

266. The coatings of a perfect condenser of 2 microfarads 
capacity which are connected together by a non-inductive 
resistance & of 2500 ohms are attached to the terminals of 
a constant battery. After the condenser has become fully 
charged, a bullet moving at a velocity of v metres per second 
cuts first one of the battery leads at a point A and, 2 metres 
farther on in its course, the resistance & at a point LB. While 
the bullet is moving from A to B the condenser loses 1 — 1/e 
of its charge through &. Show that, e being the base of the 
natural system of logarithms, v = 400. 

267. If S, and S,, the plates of a condenser separated by a 
poorly conducting medium of inductivity » and of conductivity 
A, are at potentials V, and V, respectively, and if V denotes 


(1 —e*@+*/krR), and the final charge E,kh /(r + &). 
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the potential function in the dielectric, the capacity of the con- 
denser and the strength of the current that flows through the 
dielectric, when the difference of potential of the plates is 
unity, are 


HLS DaV-dS,1/4e (Vs — V,) and [fDi 4S,1/ (Vs ayy, 


Show that if the condenser be charged to such a potential 
that each plate requires Q, units of (positive or negative) 
electricity and then, left to itself, the charge on one of the 
plates after ¢ seconds is given numerically by the expression 
Q=Qe-r™. 

268. A Leyden jar loses 0.000001 of its charge per second by 
conduction through the glass. The specific inductive capacity 
of the glass is 8. Show that the resistance of a cubic centi- 
metre of the glass is roughly 14 x 10” ohms, having given 
that one electrostatic unit of resistance is equivalent to 
9x10" ohms. [M. T.] 

269. A submarine telegraph cable 1885 miles long is formed 
of a copper conductor x inches in diameter surrounded by a 
gutta-percha coating 4 inch in diameter. The specific inductive 
capacity of gutta-percha being 4.2, show that the capacity of 
the cable is equal to that of a sphere of the same size as the 
earth. [St. John’s College. | 

270. The outer coatings of two condensers A and B are put 
to earth and their inner coatings are connected through a 
galvanometer the resistance of which is 4000 ohms. The 
capacity of A is 3 microfarads, that of B is 1 microfarad, and 
the two condensers are charged to potential 1 volt. The 
inner coatings of A and B are then put to earth simultane- 
ously through resistances of 1000 and 2000 ohms respectively. 
Show that the whole amount of electricity which will flow 
through the galvanometer is one-seventh of the charge of the 
smaller condenser. [St. John’s College. ] 
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271. The outer coatings of two condensers A and B are 
put toearth and their inner coatings are connected together 
through a galvanometer of g ohms resistance. The capaci- 
ties of the condensers are C and ¢ respectively. Both are 
charged initially to potential VY, and then have charges Q, 
and g. Show that if the inner coatings of the condensers are 
put to earth simultaneously through non-inductive resistances 
R and 7, and if 


A=rkC, N=rhe, p=ecrgt+ K), p'=CRG+7N), 
m = Cerlig, ke =42X'+ (u—p')?; pp'— AA! =Cerkg(g+r+Rh), 
and the charge on A after ¢ seconds will be 
Qe Ht #87 aml he + op + pe! — 2m / CR) && 12™ 
j ee pain 2 | Cle enemy 2k, 


Show also that the whole quantity of electricity which passes 
through the galvanometer during the discharge is 


Q,(CR — er) /C(g+r+R). 


272. Prove that the potential and stream line functions due 
to electrodes placed at certain points of a spherical current 
sheet can be deduced directly from the solutions for the plane 
current sheet which is its stereographic projection. If #, and 
E, be two electrodes on a complete spherical sheet, show that 
the stream lines are small circles through /, and #, and the 
equipotential curves small circles the planes of which pass 
through the line of intersection of the tangent planes at Z, 
and &,. 

273. Verify the statement that the value of the potential 
function at any point P of a solid homogeneous sphere of 
specific resistance x, when a current of intensity C flows 
between two electrodes A and B at opposite ends of a 
diameter, is 


zal 1 1 if it | 
) 


Delis BP Ah 8 BN BP 
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where J is the foot of the perpendicular from P on the 
diameter AB. [M. T.] 

274. The two concentric spherical surfaces which bound a 
shell are kept at different constant potentials. Prove that if 
the conductivity of the shell is a function of the distance 
from its centre, the potential function within it satisfies the 
equation D,(7°k-D,V)=0. Show that if w=1/r, this is 
equivalent to the equation given on page 250. 

275. Prove that if a quantity of electricity equivalent to Q 
absolute electromagnetic units be discharged through a ballistic 
galvanometer which has a suspended system the magnetic 
moment of which is M, the moment of inertia J, and the 
reduced complete time of swing TZ), 


where GJ is the couple exerted upon the suspended system 
in its position of equilibrium when a steady current of 1 
unit passes through the galvanometer coil. 

276. Whena bar magnet of magnetic length 22 and moment 
M is placed in Gauss’s A position with its centre at a dis- 
tance d from the centre of a magnetic needle of length 24, 
the needle is deflected through an angle a, such that 

oot ee ee d+t d+l 
eile epee pk me G Ort 
where ry? = (d —1—Asina)* + d* cos’ a, 
1)? = (d —1+2sina)? + d? cos? a, 
rs’ = (d + 1 —Xsina)? + 2’ cos*a, 
vr? = (d+1+Asin a)? + d? cos’ a. 


Show that if 7 = 4 centimetres, d = 40 centimetres, ’ = 0.5 
centimetre, a= 20°, and H =0.2, this formula makes m = 285.43, 
whereas the approximate formula, 


a 
H 


PeaPy 
ee tan a, yields m = 285.40. 
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277. A magnetometer is set up with the centre of its needle 
vertically above a point in the axis of a horizontal metre rod 
n centimeters from the centre. The rod is perpendicular to 
the meridian. A homogeneous, short bar magnet is placed in 
Gauss’s A position with its centre first 50 —d centimetres 
from one end of the rod and then 50 — d centimetres from the 
other end, d being greater than nm. If the deflections of the 
magnetometer needle in the two cases are 8, and 64, respec- 
tively, the relative error made by computing M/H by means 
of the formula 


da’ (tan 8, + tan 8,) /4 is [(1 + 3e) /(1 — e*)*] —1, 


where e = n/d. 

278. The track upon which the carriage of the short deflect- 
ing magnet slides in an apparatus for determining M/#H in 
Gauss’s A position makes an angle @ with the east and west 
line instead of being exactly perpendicular to the meridian. 
Show that if the centre of the deflecting magnet is at a dis- 
tance d from the centre of the needle, and if the deflection 
changes from 6, to — 6, when the deflector is turned end 


for end, 


M_ @sing _ @ sind, 
H 2cos(8,+6) 2cos(8,—6) 


279. In order to obtain the temperature coefficient of a cer- 
tain magnet, of moment MM, it is placed in a water bath at 
a short distance from a magnetometer needle, its axis being 
perpendicular to the magnetic meridian at the centre of the 
needle. The needle is brought back to its zero position by a 
compensating magnet placed on the opposite side of the 
magnetometer at a distance d, from it, its axis being also 
perpendicular to the meridian at the centre of the needle. 
The moment of the compensating magnet is M,, its magnetic 
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length 27,. When the magnet J, is heated a given number 
of degrees, its moment decreases to M,', and the magnet- 
ometer needle is deflected over n divisions of the scale. The 
scale distance being a, prove that 


MMi _ iE @—0)? 
Mos > Me 4nd, ‘ 
where the deflection m is small. 
Show that if a, is the angle through which M, would deflect 
the needle if WM, were absent, 


M,—M;' _ tana 
M, = tan-ay 


nN 
» where tana = —-: 
AG} 


280. Two magnets, m, and m,, are placed, with their 
axes parallel to each other but opposite in direction, in 
Gauss’s B position with respect to a magnetometer. The 
centre of m, is north of the magnetometer and the centre of 
my south of it. The distances (d, and d,) of the centres of 
m, and mz from the centre of the magnetometer needle are 
such that the needle is undeflected. Show that if », and p, 
are the strengths of the “poles” of m, and m,, and if 2/,, 2/,, 
and 2A are the “lengths” of m,, m., and the needle respec- 
tively, p, is to p, as 


Y) { 1 +cat 
i+ —a) yt [+ (G+) 


is to b { Len nk ae RRS Dat Sr \ : 
[4° + (@,—a)y?}t [+ (d, +A)?} 


281. A fixed bar magnet of magnetic length SN=2 LZ and 
of pole strength M, and a magnetic needle of magnetic length 
sn = 21, of pole strength m, are in the same plane, with their 
centres (C, ¢c) at a distance r from each other. The angles 
NCc and scC are equal to ® and ¢ respectively. The lines 
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ns, SN meet when produced in F. The perpendicular dis- 
tances of WN, C, and S from ns are 

rsin ¢d—Lsin(¢?+4), rsin ¢, and rsin¢d+Lsin(¢+®), 


so that the length of the perpendicular dropped from ¢ upon 
Nn is lsin(FnN) or l[rsing—Lsin(6+%)]/Nn. The 
lengths of the perpendiculars dropped from c upon Sn, Ns, 
and Ss are 


i[rsing+ Lsin(¢ + &)]/Sn, / [rsing —L sin(¢ + ®)]/Ns, 
and L[rsin¢ + Lsin (6+ ®)]/Ss. 


Show that the sum of the moments, taken about c, of the 
forces which tend to decrease ¢, is 


D= In se} ae) 
ee {sing + Esin iu 


or aaa eee 


ik 
— Lsin (?+ ®) eter +=5+ |} 


Show also that Wn =7+127+2+4+2ricos $—2rL cos ® 


eer “ 

—21L cos (6 + ®), or = = — er coe 2L cos ® 
Nn. 4 ps 

+ ES ‘, and that, if both ¢ and Z 


are small compared with r so that only the first powers 
of l/r and L/r need be kept, the approximate value 


1 pee a8 cos ®) 


may be used for Nn. Treat- 
re r 
ing Ns, Sn, and Ss in the same way, prove that if M) and 
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my are the magnetic moments of the magnet and the needle 
respectively, we may use for D the approximate value 
M, m, [3 cos ® sin @ — sin (p + ®)] /7°*. 

A better approximation can be obtained by keeping higher 
powers of the ratios 7/rand L/r. It is to be noticed that 
& = 0 and ® = 90° correspond to Gauss’s “ Principal Positions.” - 

282. Prove that the magnetic force at a large distance in 
the prolongation of its axis, due to a bar magnet of moment 
M, lies between 2 M/r,’ and 2 M/r,’, where r,, 7, are the 
distances from the two ends of the magnet. 

283. If l, m, n are the direction cosines of the axis of a 
small magnetic needle free to turn about its centre in a mag- 
netic field, and if ZL, M, N are the components of the couple 
which acts on the needle, D,L + D,.M+ D,N= 0. 

284. The accurately flat north end of one of two exactly 
similar, uniformly polarized, perfectly hard bar magnets is 
placed in close contact with the south end of the other, so 
that the two form a long, uniformly polarized, straight bar. 
What force is necessary to separate the magnets lengthwise ? 
Compute the work necessary to separate into short elements 
a long, uniformly polarized, magnetic filament. 

285. Has a polarized rigid distribution an axis in the sense 
that a straight bar magnet has a magnetic axis? Consider 
first a bent, solenoidally polarized, magnetic filament. 

286. Show that if a polarized electrical distribution were 
enclosed in a thin “metallic skin connected with the earth,” 
there would be induced upon the inner surface of the skin a 
charge, H, of total amount zero. Show also that the effect of 
the given distribution together with the charge on the inner 
surface of the skin would be nothing at outside points, and 
the effect at outside points of the given distribution the same 
as that of a charge on the skin equal to the negative of ZH. 
This charge is sometimes called “ Green’s Distribution” and 
sometimes “Poisson’s Surface Distribution,” 
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287. A solid soft-iron sphere is placed in a uniform magnetic 
field. Show that about three times as many lines of force 
pass through any closed curve within the sphere as through 
an equal and parallel curve at an infinite distance. 

288. In the case of a certain sphere of radius a@ polarized 
parallel to the axis of z, J = A,-7"—*, where r is the distance 
from the centre, and the function, f, mentioned on page 192, 
is 7. Show that the values of the potential function within 
and without the sphere are 


4rAyxr"—*/n and 4 7A,a"x /nr* respectively. 


Show that at the surface of the sphere the normal component 
of the induction is continuous, and the tangential components 
in general discontinuous. The tangential components of the 
force are continuous, and the normal component in general 
discontinuous, by the amount 4 zo. 

289. An uncharged conducting sphere of radius @ is in a 
uniform field of force /, and consists of two hemispheres in 
contact with the plane of division perpendicular to the field. 
Show that if the hemispheres are separated, each will have a 
charge 3.a7?F'/4 7. 

290. The field inside a shell bounded by two concentric 
spherical surfaces of radii a and 6 and uniformly polarized in 
the direction of the x axis, has the potential function zero. Out- 
side the shell the potential function is 4 raI(b8 — a®) /3 1%. 

291. Show that — 3 X¥x/(u+2) + C, for values of r less 
than a, and — Xa + a®Xa(u —1)/[7*(u + 2)]+ C, for values 
of r greater than a, represent the potential function within 
and without a sphere, of radius a, with centre at the origin, 
composed of a homogeneous dielectric of inductivity », placed 
in a uniform field in air of intensity X. 

292. If a cylindrical surface which circumscribes an oval 
body P touches it in a curve which is the perimeter of a 
right section of the cylinder of area Q, and if P be uniformly 
polarized in the direction of the axis of the cylinder to 
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intensity 7, the amount of matter in the positive distribution 
on P’s surface is Q-Z If an ellipsoid the semiaxes of which 
are a, b,c, be uniformly polarized to intensity J in the direction 
of the axis a, the moment, WV, of the distribution is #7 adeJ and 
the amount of matter, m, on either the positive or negative 
half is re JZ. The distance of the centre of gravity of either 
the positive or negative part of the distribution from the 
centre of the ellipsoid is M/2m or 3a. In what sense is 
the “ magnetic length” of a uniformly polarized sphere $a? 

293. In the case of any purely polarized distribution bounded 
by a surface S, the volume and superficial densities are 
accounted for by a vector J, of components 4, B, C, such that 
within S, p = — Divergence Zandon S,o=J-cos(n,Z). Show 
that the polarization might be equally well represented by 
any vector which differs from J by a solenoidal vector Q every 
line of which, if it meets S at all, hes wholly on S. Is the 
induction within a hard magnet definite ? 

294. Matter is distributed on the ends of a cylinder of 
revolution of length 7 and radius a. The density within 
the cylinder and the superficial density on its curved surface 
are everywhere equal to zero. On one end a quantity 2 7a® 
of matter is distributed with density s = a?/r, where r is the 
distance from the axis; on the other end a quantity — 27a® 
is distributed with density e=—3r. Can you affirm that 
the cylinder is not polarized solenoidally? 

295. Show that if, in the case of a polarization symmetrical 
about the axis of z so that the lines of the vector J lie in planes 
which pass through this axis, Z be the component of J parallel 
to the axis of = and & the component perpendicular to the 
axis, p =—[D.R+ R/r+D.Z)}. Consider the volume den- 
sity in, and the superficial density on, a cylinder of revolution 
of length Z and radius a, the axis of which coincides with the 
axis of z, when R = (r— a) f(z), and. 


Z=v()— [ir—OF'@ + Cr—aOF@)/r ae 


F s 
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Assuming both f and y at pleasure, draw the lines of polari- 
zation for the simple case which you have chosen. 

296. A solenoidal vector, the components of which par- 
allel to the columnar coérdinates 7, 6, x are (a — r)f'(a), 0, 
(2 r— a) f(x) /7, represents the polarization within a magnet 
bounded by the cylindrical surface 7 = a and the planes x = 0, 
x =6. Determine the surface density o and draw two of the 
lines of polarization when f(a)=z. Show that o is zero 
when f(x) = sin (ra /6). 

297. Show that a vector the components of which in the 
directions of the columnar codrdinates 7, 6, x are 


Lf’ @) -#O)) 9, —f@)') + FO) /71, 
is solenoidal, and use this form to determine two or three 
different polarizations within a bar magnet for which both 
p and o shall be everywhere zero. 

298. Prove that an infinitely long cylinder of revolution of 
radius a, the axis of which coincides with the z axis, when 
polarized uniformly in the direc- 
tion of the x axis, gives rise to the 
potential function — 2 wla*x /r? at 
outside points. This is identical 
with the potential function due 
to a plane doublet of strength 
2 rla* at the origin. Within the 
cylinder the resultant force has 
the intensity 2 7Jand the direction 
of the negative x axis, while the 
induction has the intensity 27J 
and the direction of the positive Fig. 133. 
gz axis. The lines of induction 
and the lines of force have the same direction without the 
cylinder and opposite directions within. The lines of force 
are shown in Fig. 133. Show that the normal component of 
the induction is continuous at the surface of the cylinder, 
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299. A solenoidally polarized distribution inside which the 
lines of polarization are straight and parallel need not be 
uniformly polarized. 

300. Prove that the mutual potential energy of any two 
small magnets at a distance apart large compared with their 
linear dimensions is 


M, - M, (cos  — 3 cos 6, - cos 63) / 7°, 


where M,, M, are the moments of the magnets, ¢ the angle 
between their directions, and 6,, 6, the angles which these 
directions make with a line drawn from the centre of the 
first to the centre of the second. 

301. Show that for a simple magnetic shell in the form ofa 
circle, the direction of the vector potential at any point is per- 
pendicular to a plane through the point and a normal to the 
plane of the shell through the centre. [St. Peter’s College. ] 

302. Prove that if m is the pole strength of a slender, 
straight, uniformly magnetized magnet AB, a vector poten- 
tial may be found which has at any point P the value 


5 (00s PAB + cos PBA), where p is the length of the per- 


pendicular dropped from P on AB, produced if necessary. 
Show that the direction of this vector potential is perpen- 
dicular to the plane PAB. [M. T.] 

303. Show that if V is the value of the potential function, 
and # that of the vertical component of the magnetic force 
at the earth’s surface, the earth’s field in outside space may 
be considered as due to a surface distribution of density 
—F/22—V/47a, where a is the earth’s radius. 

304, A magnetic needle is placed near an infinite plane face 
‘of a mass of soft iron. Show that the reaction of the iron on 
the needle may be represented as due to a negative image of 
the needle in the plane face, reduced in intensity in the ratio 
of (u« —1)/(4+ 1), where w is the permeability of the iron. 
[St. John’s College. ] 
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305. A magnetic element SN of pole strength a and moment $ 
ules in a magnetic field which has the potential function V. 
Show that if 2, m, n are the direction cosines of the axis of 
the element, the mutual potential energy of the element and 
the field is AH=a(Vy—Vs)=6(l:-D,V+m-D,V+n-+D,V). 
If the element is a rectangular parallelopiped, dx dy dz, taken 
from a magnetized body in which the polarization is J, 
b=Idzx dy dz, AE=(A-D,V+ B-D,V+C-D,V) da dy dz, 
and the mutual energy of the field and the magnet is the 
integral of this last expression. If the magnet is a simple 
shell of strength 9, 


E=0f {(U.D,V+m-D,V+n-D,V) a8, or 
— © f f[X-c0s (x, n) + Y- cos (y, n) + Z-cos(z, n)] a8, 


where the integration is to be extended over one face of the 
shell. : 

306. A simple plane circular magnetic shell of radius r lies 
in the yz plane, with its centre at the origin, ina magnetic field 
symmetrical about the x axis. The intensity of the x compo- 
nent of the field is # (x), where / is a continuous function, 
such that #(«o)=90. Show that the force which urges the 
shell is equal to 7a*@. D,F. The centre of the rigid shell is to 
move along the x axis to infinity while the plane of the shell 
is parallel to the yz plane. Compute the work done on the 
shell by the field during the motion. Has the field any com- 
ponent perpendicular to the # axis? Compute the work done 
on the shell by the field, with the help of the method discussed 
at the top of page 218. Show thata vector which has the com- 
ponents F(a), yC/(y°+2) —hy: F' (a), 2C/(y +2) —}h2-F' (a), 
is solenoidal and is symmetrical about the x axis. 

307. Show that if A’, B', C' are the components of magneti- 
zation at the point (a',y',2') in any magnet, M’', and if p 
denotes the reciprocal of the distance between (a’, y', 2’) and 
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(x, y, #), the components at (x,y,z) of the ordinary vector 
potential of the magnetic induction are 


Sf (B'. Dp — C'- Dyp) dr’, 
S ff (Cl Dep — A! D, pyar, 
SS [A Dp — BY Dz pyar". 


The scalar potential function of magnetic force is in the 
same notation 


ar (A'. Dy p + BD, p+ C'- Dy) dr’. 


If M’ is a simple shell of strength ®', the x component of 
the vector potential function can be written in the form 


@! if, ft [_D, pcos (y, n) — Dy p-cos(z,n)]dS8'. [Maxwell.] 


308. Show that if r is the distance from a fixed point, the 
line integral around any closed curve s of the tangential 
component of the vector (1/7, 0, 0) is equal to the surface 
integral, taken over any cap S bounded by s, of 


D,(1/r) «cos (y, n) — D,(1/r) - cos (2, n), 


where 7 is a positive normal to the cap. Obtain two similar 
equations with the help of the vectors (0, 1/7, 0), (0, 0, 1/7), 
and prove that the components of the vector potential function 
of the force due to a magnetic shell of strength © in air are 


® ils [cos (a,s)-/r]ds, NE [cos (y, s)- /r]ds, 
® f [cos (2, s)-/r]ds, 


taken around the perimeter of the shell. 
If (L, M, N) are the curl components of a vector (F,, F,, F,), 
the latter is a vector potential function of the magnetic field. 


sal 
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Show that the mutual potential energy of a magnetic shell of 
strength &' and the field is — am ke de I, -dy! +- F.-de!), 


taken around the shell in positive direction. If the external 
field is caused by another shell of strength ®, we have 


= F, = © { [cos (@,s)-/rjds, fF, = = of [cos(y, s) - /r]ds, 
F= aif s)-/r]ds, 


where the integrals are to be taken around the perimeter s of 
the second shell, and the mutual potential energy of the two 
shells is 


piles (x, s) - cos (a, s') + cos (y, s) -cos(y, s') . 
+ cos (2, s) -cos (2, s') ][ds- ds! /7r] 
or — 60 if [cos (ds, ds") /r] ds-ds 


The integral by which — 9’ is, multiplied has been called 
the “ geometric potential ” of the two curves. 

309. Prove in two different ways that the energy of the 
surface distribution o = I-cos(n, 1), on a sphere of radius a 
uniformly polarized to intensity J, is 87°/?a*/9. In what 
sense is this the energy of the distribution? Give a sum- 
mary of the reasoning of Lord Kelvin in his paper “On the 
Mechanical Values of Magnets.” 

310. If a polarized distribution is placed in a field of force 
which has a potential function V, the mutual potential energy 
of the field and the distribution as a whole is 


Sf VE-005 (n, Nas — ff { V(D.A + DB + D.C) dr, 


where the first integral is to be extended over the surface of 
the distribution and the second through its volume. Show 
that this energy is equivalent to 


Aa (A-D,V + B-D,V + C-D,V) dr. 
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311. A sphere of radius a uniformly polarized to intensity 
T is placed in a uniform field of force of intensity X. Show 
that if the directions of the field and the polarization coincide, 
the mutual potential energy of the sphere and the field is 
—47a°IX/3. What would be the energy if the direction 
of the field and polarization were opposed? It would be zero 
if these directions were perpendicular to each other. 

312. If V is the potential function due to a volume distri- 
bution of density p, in a region 7}, and a surface distribution 
of density o, on a surface S,, and if U is a continuous function 


anf f Upr-dr, + 4m f DOORS 


={ ff D.U-D,V + D,U-D, V+ D,U-D,V)dr 


—f{ fU-D,V-as, 


where the volume and surface integrations in the second 
member are to be extended respectively through and over a 
spherical surface of radius 7 so large as to include 7, and S,. 
If U vanishes at infinity, the last surface integral vanishes 
when r is infinite. Use this equation to compute the mutual 
potential energy (— 4 7a*ZX) of a sphere of radius a, uni- 
formly polarized to intensity JZ in the direction of the x axis, 
and a uniform field (X, 0, 0), in which it hes. In this case the 
value of the last term in the second member is — 32 77a? LX /9. 

313. Ata distance of 10 centimetres from the middle point ~ 
of a wire 140 centimetres long, the magnetic force due to a 
current in the wire would be within one per cent of that 
which would be produced if the wire were infinite. 

314. Show that the magnetic force within a square circuit 
(of side = 2a) at a point midway between two sides, at a dis- 
tance x from the centre of the square, is 


a a—-x ata 
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Draw a curve which shall represent this force as a function 
of x. What if is greater than a? Show that the force at 
a point distant y from the plane of the circuit in the axis of 
the circuit is 


8 Ca? | it 
y +a? V2 a? + y ; 
Show that if a current of A amperes be sent through a 


tangent galvanometer which has a square coil consisting of 


nm turns of wire, 
_ da tans. 


ms 2V2-n 


315. If a circuit carrying a steady current C is a regular 
polygon of 2 sides, and if a is the radius of the inscribed circle, 
the magnetic force at the centre is (4 C/a) -sin(a/2n). 

316. The plane of the ring of a tangent galvanometer which 
consists of a single turn of fine wire is the vertical plane of 
the magnetic meridian. Show that if a current of A amperes 
be sent through the ring, the strength of the field at a point 
P in its axis at a distance z from the centre is eau ees ; 

5 (27+ 18 
where 7 is the radius of the ring. Hence prove that if the 
centre of the galvanometer needle is at P, the deflection will 
be given by the equation A=[5 (z?+7°)'! Htana] /x?’. 

317. Show that at a point on the axis, at a short distance 
(2) from the centre of a tangent galvanometer coil of radius 
a, the intensity of the electromagnetic field due to a steady 
current passing through the coil is to the intensity of the 


a 
same field at the centre as { 1 mae to 1, nearly. 
2a 


318. Show that if around a ring formed of a piece 26 centi- 
metres long of a thin metal tube of inside radius a and of 
outside radius a+ 8, a steady current of strength 28C uni- 
formly distributed through the conductor could be sent, the 
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strength of the resulting electromagnetic field at the centre 

of the axis of the coil would be eda What would this 
: 6? + a? 

intensity become if the tube were to shrink indefinitely in 

length while the whole current around it remained unchanged ? 


Assuming that when x is small 
(1 +20)—-§=1—he+3o* —{h a? +---, 


deduce from your results the usual correction, — -- 5» for the 
breadth of the coil of a tangent galvanometer. 

319. The vertical coil of a tangent galvanometer makes a 
small angle 6 with the east and west line through the centre 
of its needle. If a steady current, of such strength that it 
would cause a deflection of 45° if the plane of the coil were 
in the meridian, be now sent through the coil, it will cause a 
deflection of $6. 

320. The centres of the rings of a two-coil Saeon galva- 
nometer are 20 centimetres apart and the mean radius of each 
of the coils is 20 centimetres. The centre of the needle 
is on the common axis of the coils halfway between their 
centres. When the instrument is properly set up in a cer- 
tain place a steady current of half an ampere sent through 
both coils in series causes a deflection of 45°. Show that if 
there are 20 turns in each coil, H= 167/10 (5)*. 

321. Atangent galvanometer hastwo equal vertical coils, each 
of mean radius 7, placed at a distance apart of 2 r(W4 — oye 
The short compass needle is placed midway between the coils 
on their common axis. Show that the needle defiection caused 
by any current which passes in the same direction through 
both coils in series will be the same as if the same current 
passed through only one coil, while the centre of the needle 
was at the centre of this coil. 

322. Show that if the vertical coil of a tangent galva- 
nometer makes an angle @ with the meridian, and if a current 
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of C amperes be sent through it first in one direction and then 
in the other, causing deflections of 8, and 8, respectively, then 


anC sin 6, sin 6, 


and tan 6 = $(ctn 8, — ctnd,), where r is the mean radius of 
the coil and m the number of turns of wire on it. 

323. From a thin, flat sheet of copper of thickness 8 is cut 
a ring of inside radius a — d and outside radiusa—d. Ifa 
steady current of strength 2Céd could be made to circulate 
around this ring, what would be the strength of the electro- 
magnetic field at the centre of the ring? What would this 
strength become if the ring were to shrink to a fine wire ring 
of radius @ concentric with the original ring without change 
of the current strength? Assuming that when 2 is small 


1+<2 
1—2 


log =2[a+ga'+ tart+---], 

deduce from your results the usual correction (one-twelfth of 
the square of the ratio of the depth of the coil to its mean 
radius) for the depth of the ring of a tangent galvanometer. 

324. A certain galvanometer coil is wound upon a large 
square frame. When the vertical plane of the coil makes an 
angle 9 with the meridian a certain current C sent through 
the coil deflects the short needle through an angle 4 6 towards 
the coil. Show that C would cause the same deflection if the 
coil were in the meridian. 

325. On the axis of a fixed circular ring of wire which car- 
ries a steady current C is a molecular magnet of moment m. 
Show that if the axis of the magnet makes an angle @ with 
the axis of the ring the moment of the couple which tends to 
diminish 6 is (2 rmC sin’ $- sin 6) /a, where a is the length of a 
radius of the ring and ¢ the angle subtended at the molecule 
by the radius. 
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326. A perfectly flexible wire fastened at two fixed points 
carries a current of given strength. Prove that in a uniform 
field of magnetic force it will tend to assume the shape of a 
helix. [M. T.] 

327. A very long straight wire which carries a steady cur- 
rent C is at right angles to the plane of a circular ring of 
radius a which carries a current C’. The ring is free to turn 
about the diameter which intersects the straight wire. Prove 
that the couple tending to turn the ring is 27CC'a?/r or 
2xCC'r, according as a is less or greater than 7, the distance 
of the wire from the centre of the ring. [Trinity College. ] 

328. A plane ring can move about a diameter parallel to an 
infinite straight wire, the distance of which from the centre 
of the ring is equal to the radius of the latter. Show that 
when currents CC’ are sent through the two circuits the 
couple tending to turn the ring is 

47CC'a(cos ¢ — cosid/ V2 cos $), 
when a is the radius of the ring and ¢ the acute angle which 
the normal to its plane makes with the perpendicular to the 
straight wire drawn from the centre. [M. T.] 

329. If a layer of m' turns of wire carrying a steady current 
of unit strength and forming a coil ’' be wound uniformly on 
such a ring coil, &, as that shown in Fig. 77, the induction due 
to the current in 4! has at every point within the coil the value 
2ypn'/r. The integral of n times this quantity taken over a 
cross-section of the ring R on which & is wound gives the 
mutual inductance of the two coils.. Show that if R may be 
regarded as formed by revolving a circle of radius a about a line 
in its plane, distant } from its centre, the value of the integral 
is 4runn'(b — Vb? — a’). If R were formed by the revolution 
of a rectangle with sides of length 0 parallel to the axis and a 
perpendicular to it, the value of the integral would be 
e+a/2 


2nn'pb 1 
Or ee eae 
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where c is the distance of the centre of the section of the 
ring from the axis. Show that the self-inductance of k 
might be found for the two cases just mentioned by putting 
m equal to n' in the expressions for mutual inductance, and 
imagining k' to move into coincidence with &. 

330. A thin tubular conductor of circular section has a 
radius a and carries a steady current (; prove that the 
mechanical action between the different portions of the 
current produces a transverse tension in the tube, of intensity 
C?/mra. [St. John’s College. ] 

331. The ponderomotive forces which act upon a portion 
A,A, of a circuit which carries a steady current of strength 
C in the field of a magnetic pole of strength m at the point O, 
have a resultant moment VM about any straight line OZ drawn 
through O. Let PP' represent an element As of the circuit; 
lee OF =r, OF 7 ar, ZOP =0, ZOP'= 0+ AG, (7, 8) =8, 
and denote the angle between the planes ZOP and POP' by ¢. 
The fundamental equation of spherical trigonometry yields 


cos (9 + A@) = cos 6-cos POP' + sin 6-sin POP’. cos ¢, 


and it is evident, since A@ is not greater than POP’, that the 
limit of the ratio of (cos A@ — cos POP') /sin POP' is zero, 
so that cos¢ is approximately equal to — sin A@/sin POP". 
The Theorem of Sines applied to the plane triangle POP! 
yields the equation PP!/OP'=sin POP'/sin OPP'. Prove 
that the moment about OZ of the elementary force exerted 
by the pole upon As may be written, 7 


AM= mC sin 6-cos $-sin 6: As /7, 


and that for purposes of integration this is equivalent 
to —mC-sin6@-d0, so that M= mC (cos 6, — cos 6;), where 
6, = ZOA,, 6,= ZOA,. If 6,= 6, as in the case of a closed 
circuit, Mis zero. Consider the possibility of rotation about 
a straight line, of a closed circuit bearing a steady current C 
under the action of any number of magnetic poles on the line. 
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332. In the case of a solitary linear circuit s carrying a 
current C in its own magnetic field, all the lines of force are 
closed curves threading the current, and the line integral of 
the force taken around any one of these curves is 47C. The 
equipotential surfaces fill all space; each of them is a cap 
bounded by the circuit, and the surface integrals of the induc- 
tion taken over these caps are all equal. Use the reasoning 
of page 270 to show that since 


dnO= [H-ds, and p = f [-B-a8, 
4nCp=f f [H-B-dr, 410(p+dp)=f f (H(B+dB)de 
: dnC-dp= ff (H-aBar, 


where dp is the increment of the induction flux through the 
circuit, due to a small increase in the current. Show from the 
equation H — dp/dt=rC that, besides the energy dissipated 
in heat, the generator in a solitary circuit must furnish an 
amount of energy (’-dp while the current in the circuit is 
changed from C to (+dC, and that the difference dW 
between this quantity and the increment dZ of the electro- 
kinetic energy shows the amount of energy which is used in 
some other way than in increasing this energy. 


Prove that 
il 
aw = 5S Jf (2H-aB-(H-aB + Bd) \ar 


and use this expression to compute (see page 291) the energy 
loss due to hysteresis during a cycle of magnetization. 

333. The distance between the axes of two infinitely long, 
straight, round, non-magnetic wires (4,, 4,) of radius a and 
parallel to each other is 6. One wire carries a steady current 
C, uniformly distributed, in one direction, and the other wire 
an equal current, uniformly distributed, in the other direction. 
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If the cross-section of each wire be divided into n elements of 
equal area, every element, dS, is the section of a filament which 
carries a current CdS/za*. Imagine a circuit made up of a 
certain filament 7, in A,, distant »,',7,' from the axes of the 
wires, and a filament F, in A, distant 7,/, r,'' from these axes. 
The flow of induction through this circuit due to A, is 


agQ Tr?! 
S art f =" ar or 20[ (a? — 71) /2.a? + log (rm)! /a)] 


and that due to 4, is 2C[(a? — r,'?)/2a? + log(r,"/a)]. If 
the filaments are symmetrically situated, 7,! = 7,", 7;! = r,' and 
the induction through the circuit is 


4.C[ (a? — 71!) /2a? + log (n)"/a)}. 


The electrokinetic energy of a set of circuits is equal to 
one-half the sum of the products formed by multiplying the 
induction through any circuit by the current in that circuit. 
The contribution which the elementary circuit just mentioned 
would make to the electrokinetic energy 7 is, therefore, one- 
half the product of the induction through it and the current 
which it carries, so that 


2 
P= ff 31 —n2/2a8— "2/2 a2 + log (ry'/a) 
7 
+ log(r,""/a)id8, 


where the integration is to be extended over all such elementary 
circuits, that is, over the cross-section of either wire. We 
may write for dS, either 7,'- d7,'- d@, or r,!'- dr,''- d6,, at pleasure, 
and we may use the first of these for the first, second, and 
fifth terms of the integrand, and the second form for the other 
terms. The limits of 6 will be 0 and 27, and those of 7,' and 
r,, 0 and a. Assuming that, if m>n, 


fo tog (m +m cos 0) d0 = w log$4(m + Vm? — n’)}, 
0 
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show that 7 = C?[4 + log (2? /a*)] and that it makes no differ- 
ence how the separate filaments of 4A, and A, are combined 
into elementary circuits. Show also that the inductance, per 
unit of its length, of the circuit made up of the wires, is 
2log (2? /a?)+1. Prove that if the wires had inductivities 
p, and p, and radii a,, a, we should have 


L = 2p log / Paya.) + $(m, + my); 


where p» is the inductivity of the surrounding medium. [For 
a discussion of the inductance of the circuit when the cross- 
sections of the long parallel wires are of any form, the reader 
is referred to A. Gray’s Absolute Measurements in Electricity 
and Magnetism, Vol. Il, p. 288, and to Drude’s Physik des 
Aethers, p. 207. ] 

334. Obtain Heaviside’s expressions (lectrical Papers, 
p- 101) for the coefficients Z,, L,, M, of self and mutual 
induction for two parallel wires of length J, radii a,, a, and 
inductivitieés ,, “4, suspended parallel to each other and to 
the earth at heights h,, A, and at a horizontal distance d 
apart, if the current is supposed to return through the earth 
in a thin sheet, and if 2, and h, are small compared with /. 
These expressions are 


L,/l= km, + 2 log (2h, /a,), Ly /l = dug + 2 log (2 hy / ay), 


ole + (y+)? 
M/l = log a ate (hy os hy)? 


335. Show that if A and » represent the dimensions of 
electric and magnetic inductivities respectively, the dimen- 
sions of » in terms of L, M, 7, K are L—?T?K—!, while those 
of K in terms of L, M, T, » are L—-?7*u—. Show that the 
dimensions of electric quantity in the two systems are 
Lu? T'K*, L'M?,*; those of magnetic quantity 22M TKR 
LimM'T~2; those of electric field strength Z~'€M 7K 
Dim’T~ 3; those of magnetic field strength L6M'7 °K? 
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L-'m*T~'n-*; those of electric potential LM? T'K7?, 
Lim*T~*y*; those of magnetic potential 22? 777K}, 
Lim'T'u*; those of conductivity LT” 'K, L~'Ty'; those 
of electric current LIM?72°K!, Mtr” ‘ui those of 
capacity LK, L™'T"»"; those of inductance L7'7°K ty eens 
those of magnetic moment L?M*K-?, Lim*7'y?; those of 
electric surface density L7'M*7''K?, Limi, ?. 

336. <A rigid plane wire of any shape is free to turn about 
a point O in its plane distant a and 6 from the nearer and 
farther ends of the wire. The plane of rotation is perpen-° 
dicular to the lines of a uniform field of induction of intensity 
B. Show that if the wire forms part of a circuit which 
carries a current C, the moment about O of the forces which, | 
acting on the wire tend to set it in motion, is } BC(&? — a’). 
If the wire rotates with angular velocity w, it cuts the lines 
of the field at the rate } wB(? — a’). 

337. A copper disc perpendicular to the lines of a uni- 
form magnetic field is spun in ‘its own plane about a fixed 
point O and is continuously touched at two points by the 
fixed electrodes of a galvanometer. Show that the current 
in the galvanometer is proportional to the difference of areas 
swept out by the radii vectores from O to the points touched. 
[M. T.] 

338. A magneto-electric machine, driven at a constant rate, 
sends current through the coil of another magneto-electric 
machine used as a motor. When the second machine is held 
still, a power Wis used in the circuit. Prove that the maximum 
power obtainable from the second machine is $ W, and that 
then the first machine absorbs 4 W from the engine which 
drives it. [M. T.] 

339. Show that (1) if a conductor be moved along a line of 
magnetic induction parallel to itself, it will experience no 
electromotive force; (2) if a conductor carrying a current be 
free to move along a line of magnetic induction, it will experi- 
ence no tendency to do so; (3) if a linear conductor coincide 
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in direction with a line of magnetic induction and be moved 
parallel to itself in any direction, it will experience no electro- 
motive force in the direction of its length; (4) if a linear 
conductor carrying an electric current coincide in direction 
with a line of magnetic induction, it will not experience any 
mechanical force. [Maxwell.] 

340. Discuss the following statements of different writers : 
“When an electromotive force # is suddenly applied to an 
inductive circuit of resistance A, the counter-electromotive 
force of self-induction is initially equal to # and the current 
caused by /# is initially zero.” “ When the current is rising 
a portion of Z, viz., RC, is employed in maintaining according 
to Ohm’s Law the current C already established; the other 
portion of £#, viz., L -D,C,is employed in increasing the electro- 
magnetic momentum LC.” “At the beginning the whole of 
the electromotive force acts to increase the current.” “If a 
current is established in a coil and the coil left to itself, short 
circuited without any electromotive force to maintain the 
current, then as the decaying current reaches a value C the 
electromotive force AC is equal to —L-D,C.” 

“The reactance does not represent the expenditure of 
power, as does the effective resistance, r, but merely the 
surging to and fro of energy. While the effective resistance, 
r, refers to the energy component of the applied electromotive 
force or the electromotive force in phase with the current, the 
reactance, x, refers to the wattless component of the electro- 
motive force or the electromotive force in quadrature with 
the current.” . 

341. Compare the differential equation of motion of a body 
of mass LZ, moving with velocity C, under the action of an 
impressed force H, which tends to increase the velocity, and 
a resistance rC, proportional to the velocity, with the equa- 
tion which the current in an inductive circuit must satisfy. 
Why should ZC in the electrical case be called the “ electro- 
magnetic momentum ” ? 
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342. Given that 
sin pt-sin (pt + a) -dt 
= [(2 pt — sin 2 pt) cos a — cos 2 pt - sina] /4p, 


show that the average value for any number of whole periods 
of the product of two simple harmonic functions of the same 
period is half the cosine of their phase difference. Show that 
the activity, or “power,” of a harmonic alternating current 
is equal to the product of the effective current, the effective 
electromotive force applied’ to the circuit, and the cosine of 
their difference of phase. 

343. Two coils, the resistances of which are 7, 7, and the 
inductances L,, L,, are in series in a simple circuit carrying a 
harmonic current. Is the impedance of the two taken together 
equal to the sum of their impedances ? 

344, The ends of the coil of an electromagnet are subject 
to a rapidly alternating electromotive force. Show that the 
energy expended in the battery when a given amount of heat 
is produced in the wire will be greater than would be the 
case if the electromotive force were constant in direction 
and magnitude. 

345. Show that if a number of linear circuits s,, s,, s3,---, 
carrying currents C}, C,, C;,---, exist together, and if the total 
flow of induction through s, be denoted by p,, the electro- 
kinetic energy, 7, may be written $=C,.p, and p,= +4 De,T. 
The quantity p, is sometimes called the electrokinetic momen- 
tum of s, Compare this result with the equation, p,=Dc,T, 
given on page 296. 

346. Show that the total flux of electric current induced in 
a thin circular coil of radius a and resistance #, made up of 
nm turns of wire, when the coil is turned through two right 
angles in the earth’s uniform magnetic field H, is 2 ra’nH/ RK. 
Show also that if a sphere of soft iron of the same radius a 
be pushed completely into the opening in the coil, the flux is 
increased in the ratio of 3u/(u+ 2). [St. John’s College. ] 
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347. A, B, C are three points in order in a simple circuit 
carrying an alternating current; between A and B is a non- 
inductive resistance #, and between B and C an unknown 
inductive resistance. The effective difference of potential, as 
measured by a voltmeter between 4 and B, is H;, that between 
Band C is /&,, and that between A and C, #;. Draw a diagram 
for this problem something like that shown in Fig. 107 and 
prove that the phase of the impressed electromotive force 
between A and C is in advance of the phase of the current by @, 
where cos 6 = (H,?+ H,? — H,”)/2 H,#;, and that the activity in 
the circuit between A and C is (#,? + H,? — H,?)/2 Rk. What 
is the impedance between B and C? What is the “Three 
Voltmeter Method” of measuring the power in an alternating 
circuit ? 

348. A 100-volt lamp the resistance of which is 100 ohms 
is to use current from the mains of an alternating system 
of frequency 50, which have an effective potential differ- 
ence of 200 volts. Show that it is better to use in series 
with the lamp a choking coil of negligible resistance but of 
such self-inductance [v3 /7] as shall reduce the current to 
the proper strength rather than a simple 100-ohm resistance 
coil. Show that while the saving is 100 watts, the lag of 
current, when the choking coil is used, is 60°. 

349. The poles of a condenser of 5 microfarads capacity 
are joined by a resistance of 100 ohms the self-inductance 
of which is 0.5 henry. The current in the simple circuit is 
25-sin 500¢. Show that the maximum impressed electro- 
motive force is about 4500 volts and the maximum potential 
difference between the plates of the condenser 10,000 volts. 

350. A condenser of 2 microfarads capacity charged to 100 
volts, is to be discharged through a circuit of resistance 10 
ohms and self-inductance 0.05 henry. Show that the dis- 
charge will be oscillatory, with a period of about 0.002 second. 
After ten oscillations the amplitude will have about 0.135 its 
original value. 
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351. An alternating electromotive force of frequency 200 
and effective intensity 200 volts, applied to a certain inductive 
circuit of 5 ohms resistance, causes an effective current of 10 
amperes to flow through the circuit. Show that the current 
lags behind the electromotive force by about 75° 30’. What 
would be the effect of introducing a condenser of 41 micro- 
farads capacity into the circuit ? 

[For examples of resonance the reader is referred to 
Professor Pupin’s papers in the American Journal of Science, 
1893. ] 

352. A condenser is discharged by means of a circuit which 
contains a hoop revolving in a magnetic field. Show that the 
discharge current satisfies an equation of the form 


L-D?C+#&-D,C+ C/K = M-sin pt. 


Show also that the cases KR?<4L, KR? >4L, KIp?=1 
should be discussed separately. [St. John’s College. ] 

353. An alternating electromotive force the maximum value 
of which is 1414 volts and the frequency 200 /z is applied to 
the extremities of a circuit of resistance 300 ohms and of 
inductance 1 henry. Show that the reading of an ammeter 
in the circuit is 2. 

354, An alternate current the frequency of which is 
10,000 /2 7 passes through a telephone of self-inductance 0.01 
henry. The resistance of the circuit, which is otherwise non- 
inductive, is 10 ohms. Show that if the resistance of the cir- 
cuit were increased seventeenfold, the current would be reduced 
about one-half. What would be the effect of introducing into 
the circuit a condenser of capacity 1 microfarad ? 

355. A simple harmonic electromotive force, the maxi- 
mum value of which is 400 volts, is applied to an inductive 
circuit, the resistance of which is 2 ohms; the counter- 
electromotive force has an average value of 200 volts. Show 
that the power supplied to the circuit is about 26.8 horse 
power. 
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356. Show that the equations given on page 307 for the 
discharge of a condenser charged to potential @)/k may be 
written in the forms 


C= —2Q)-6-7/ 2. sin mt. / V4 kL — kr, 

Q =2Q)-e-/22. VEL - sin (mt + a)-/V4 kL — kr’, 
where m? = (4kL — kr?) /4 ?L?, 
and tana = 2Lm/r. 


357. Two conducting circuits ACB and ADB in multiple are 
(Fig. 108) carry the current M cos pt from A to B. Prove 
that if r and s are the resistances of the two branches and Z, 0 
their inductances, and if p is large, the heat generated per 
second in ACB is to the heat generated per second in ADB as 
7s to (4p* + 7). 

358. ABCD is a Wheatstone net. A coil of inductance Z 
is inserted in AD, and the points A and D are connected to 
the terminals of a condenser of capacity K. Show that if 
kK? =L, where Ff is the resistance of the arm AD, no elec- 
tricity will pass through a galvanometer in the arm BD when 
the circuit is closed. [M. T.] 

359. Two similar alternators, each of internal resistance 7, 
and self-inductance LZ, driven on a single shaft, are joined up 
in series with an exterior non-inductive resistance 27; the 
electromotive forces of the generators are Z,,-sin(pt + @), 
£,, sin(pt — 6), and their sum is 2, cos @-sin pt. Show 
that the current in the circuit is 


E,,: cos @- sin (pt — 8) /V(r + 7%)? + Lp, 


or G-cos 6-sin (pt — 8), where tand=LIp/(r+7). Of the 
whole power, Z,,G - cos? 6 - cos 8, in the circuit, the first machine 
furnishes the quantity, } H,,G-cos @-cos(@ + 8), and the second 
machine the greater quantity, 4 H,,G-cos 6-cos(@— 8). Dis- 
cuss the case where these quantities have opposite signs. 
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Show that if the machines were driven at practically the 
same speed by independent motors, the first would tend to 
increase its lead until the electromotive forces were opposed. 

360. If two similar alternators, each of internal resistance r 
and inductance L, and driven at the same speed, be joined up 
in parallel to form a single generator used to send a current 
through an outside non-inductive resistance R, if C, and C, 
are the currents which pass through each of the machines, 
and if their electromotive forces are e, = ¢-sin(pt +a), 
2 = sin (pt — eis we have 


—L-D,C,=C,(r + B) + GR, 


and —L-D,C,=C,(r + R)+ COR; 
or be eee C,+kC, = a, 
and RO +7 +H4+L-D,) C, = es 


If we apply the operation (r+#+L-D,) to the first of the 
last pair of equations and the operation & to the second, and 
subtract one resulting equation from the other, we shall get 
[r7+kR+L-D,)?—-R]C,=¢7+h4+L-D,)e —Re,; a simi- 
lar equation for C, is easily found. Write down values for 
C, and C,. Show that the leading alternator is doing more 
work than the other and that there is a general tendency 
towards synchronism. An interesting discussion of this prob- 
lem may be found in Perry’s Caleulus for Engineers. 

361. Ifa magnetic field which changes with the time has the 
components X = m-sin pt, Y=n-sin pt, Z=0, the effect is 
the same as if a field of constant uniform intensity Vm? + n? 
were rotating with constant angular velocity p. 

362. If an alternating current C be divided at the point A 
between two conductors of ohmic resistance 7, 7, in which the 
current strengths are C, and C,, C?= C?+20C,C,+ C,? and 
Mean value of C? = Sum of mean values of C;,?, C,”, and 2 C, C2. 
Show that the current in the main circuit, as Ghesattiod by the 
indication (J) of an ammeter in it, is not equal to the sum of 


470 MISCELLANEOUS PROBLEMS. 


the currents (4, J,), similarly measured, in the two branches. 
If one of the branches (7,) of the divided circuit is non-inductive, 
the instantaneous difference of potential between its ends is 
7,C, and the instantaneous rate of expenditure of power in 
the other branch is 7,C,C,; the average activity in this latter 
branch is 7, times the average value of C,C,. Show that the 
power expended in 7, is 47,(1?— J,*—J,”). What is the 
«Three Ammeter Method ” of measuring power ? 

363. Show that if «+ vi is a solution of the equation 


L-D,C+rC= #,-e&@+, 
v is a solution of the equation 
L-D,C+7rC = E,-sin (pt + a). 
Prove that the complete solution of this last equation is 
Ae" 4. Fy - sin (pt + b) / Vr + Dp, 
where tan 6=(r-sina — Lp-cosa)/(r-cosa+ Lp-sina). 
364. Show that if w and v are solutions of the equations 
L-DC+rC=£,-sin (pt+ a), 
L-DC+r0=E£,-sin (pot + a.) 
respectively, w+ v is a solution of the equation 
L-DC+rC=£,:sin (pt +a) + £,-sin (pt + a), 


and write down the complete solution of this last equation. 
Write down also an expression for the current in an inductive 
circuit to which n simple harmonic electromotive forces of 
given periods are applied. 

365. Show that if w+ vi is a solution of the equation 


r-DC+C/k = pke'?'*, 
u is a solution of the equation 


r-D,C+C/k =p, - cos (pt + a). 
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Prove that the complete solution of this last equation is 
Ae-“*" + kp E, sin (pt + B)/V1 + PPR, 

where tan B =(rpk sina + cosa) /(rpk cos a — sina). 

366. Show that if wand v are solutions of the equations 

r-D,C +C/k = A,- cos (pt + a), 
r-D,C+C/k = A, - cos (pt + a), 

u + v will be a solution of the equation 

r- DC +C/k = A, - cos (pit + a) + A, + cos (pot + ap), 


and write down the complete solution of this last equation. 
Write down also an expression for the current in a non- 
inductive circuit of capacity k to which n simple harmonic 
electromotive forces of given periods are applied. 

367. If @ stands for the operation D, ¢? for the operation 
D/?, and so on, the result of applying the operation 


(Po + Pid + Pah? + Pod? + +++) 
to e* is equal to the product of e* and 
(po + pik + pok® + psk? + +++). 
Show that if we denote the result of applying the operation 
Z= (Pot Pid + Pod?® + +++) / (Yo + Hd + Wh? + +) 
to e by u, so that wu satisfies the equation ~ 
(Yo + Gd + Goh? + ---)U=(Po + Pid + Prd? + ---)e, 
a special value of wu is the product of e and the fraction 
(Po + pik + pok® + +++) /(Go + hk + gok? + +++). 


Show how the complete value of w might be found and 
why the special solution alone is needed in many practical 
problems. 
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Compare the results of applying the operation Z and the 
operation (A + Bp) /(C + Dd), where 

A= (po — pil? + pal — +»), B= (pa — pall? + pak —---) 

C=(@ a2 + Gk —---), VD = i qak” + qsk* — +++), 
to M-sin(kt + e). 

Show that (a + 6g) -[M- sin (kt + a)] 

= MV oe? + 0k? sin [kt +a + tan—! (bk /a)] 

or MV a? + #k?. sin (kt + 8), 
where tané=(dk cosa +asina)/(a cosa — bksina), 


and that a special value of 


at bd : 
(S228) car-sin (ke + 0) 

Vai+ 0 * 
is) 1 sin [Ae -- a + tan) (64/2) — tana (dic): 

So (bl /a) —tan-* (dk /)) 
This symbolic notation is treated at length in Forsyth’s 
Treatise on Differential Equations and in Perry’s Calculus 
for Engineers. 

368. Prove that if @ stands for the operation D,, 


(a--bp+cd*) [M- sin(kt+a)]=MV (a—ch?)? + Pk? sin(kt+a+n), 
where tan X = bk / (a — ck’), 
and that a special value of 


(1+ mdb + ng*)-?[M- sin (kt + a)] 


is M.sin (kt +a—p)/V(l+ nk’)? + mk’, 
where tan «= mk/(l— nk’). Hence show that a special 
value of be $? 
a+ oo +e ; 
( ae of) pa sin (kt + a)] 


Via—ceP + PR, 
"(ny oe eee 
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369. If $ were an algebraic quantity, the expression 
1 
$+ (a +b) + ab 
would be equivalent to 


us seca me! 
an eae ea) 
Are these two operations equivalent when ¢ = D, and when a 
special value suffices ? 

370. If an electromotive force # = £,, sin pt be applied to 
a circuit consisting of a coil of resistance 7 and inductance LZ, 
in series with a condenser of capacity A, we have the equation 
E—L-DC—Q/K=rC, where C=D,Q. Show that this 
equation can be written in the form 

C=(r+Llo+1/Kd) H=KgE/ (1 +rkd + Lhd?) 
and write down its solution in the form needed for practical 
use. Treat in the same manner several of the equations of 
Section 86. 

371. Two circuits, s; and s,, have resistances 7,, 7, induc- 
tances L,, L,, capacities Ky, K,, and a mutual inductance 
They contain variable electromotive forces H,, #, and carry 
currents C,, C,. Show that if 


k,=7+1,¢+1/K¢, 
Rk, = 17, + Lop +1/ Kod, 
where ¢ represents the operation D,, 
C, = (f#,£, — Mof,) / (Rk, — M9’), 
C, = (hE, — Ugo#,) / (RR, — Ud’). 
If the capacities of the circuits are negligible, we are to put 
R,=14+¢, RB, = + L.¢ in these results. 
If 7,=0, KR=0, =o; 
C1 = (%2 + Lob) By / [1172 + (ML, + 7Ly) p + (L,L, — M”) 6"), 
and 0,= — M¢L#,/[nr.+ (tL, + 112) 6 + (LL, — MU’) ¢?}. 
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Write down the solutions of these equations and compare 
them with the results given in Section 87. 

372. Show that if C,, C, are the currents in the primary and 
secondary of a transformer, and if the secondary circuit has 
no capacity and contains no internal applied electromotive 
force, MpC, + (7, + Ln6)C,=0 or C,= —MGC,/(7, +Lo$), 
and if C, = C,, sin (pt — a), 

__ MG, 

VI2p? + r2 
If, as is often the case in practice, 7, is small compared with 
I,p, we have, approximately, 


C, = — MC,,-sin (pt — a)-/L, 
= MC,,- sin (pt —a —) : / I 


T 


C; 9 


-sin (pt —a+ tan—'L,p/1,). 


In the general case C, and C, are not zero at the same instant. 

373. An electrodynamometer consists essentially of two 
coils, one fixed and the other movable. The movable coil is 
furnished with an index which moves on a fixed scale, and 
the readings are to be considered equal to the product of the 
strengths of the steady currents C,, C, in the two coils. If, 
however, these currents alternate rapidly, the readings are 
proportional to the average value of C,C,. Assuming that 


frsin pt-sin gt - dt 
=sin(p — 9)t-/2(p—q)—sin(p + q)t-/2(p.+ 9), 
Jf sin’ pt dt = (pt — sin pt - cos pt) /2 p, 
and that C, = m-sin pt, C, = n-sin gt, show that the reading 
is zero when p and gq are not equal. What is it when p= q? 


Plot a curve which shall show the readings for different values 
of a, when C, = m-sin pt, C, = n-sin (pt — a), assuming that 


J sin pt - cos pt dt = -- cos 2 pt+/4 p. 


If a =47, the reading is zero. 
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374. A function z= f(t) may be represented in polar 
coordinates at any instant by a point P, the distance of which 
from the origin O is equal to the numerical value of z, while 
the vectorial angle XYOP is equal to pt, where p is any con- 
venient constant. The plane path traced out by P during any 
time interval shows the march of z2 during the interval. If z 
is either a-cos(pt — 6) or a-sin(pt — 8), the path of P is a 
circumference of diameter a passing through the origin: the 
vectorial angle of the centre of the circumference is § in the 
first case and 6 + $7 in the second. 

If z is known to be a simple sine or a simple cosine func- 
tion of frequency p/27, it is completely determined when the 
vector OP,, which represents the diameter of the circumfer- 
ence, is given. If the plane of the diagram were the ordinary 
complex plane, P, would represent the complex quantity 
2 = % +Jy, Where x and y are the horizontal and vertical 
projections of the diameter of the circumference, and 7 the 
imaginary unit; and it is often convenient, as Steinmetz has 
shown in a series of remarkable papers, to represent the har- 
monic function z by the quantity %. With this understand- 
ing of the meaning of the sign of equality, we may write in 
general z= 2, + yj: the modulus of z is given by the equa- 
tion |z|= Va,’ + x. 

Show that if C'+ 7. C" represents the current 


C = C,,-8in (pt — 8), 


where tan § = Lp /7, in a simple circuit of resistance 7, induc- 
tance L, reactance x = Lp = 2anL, and impedance Z; the 
“electromotive force consumed by the resistance” is 


rC=r(C'+7-C"), 
the “electromotive force produced by the reactance” is 


jeO =jec' — «C", 
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and the electromotive force required to overcome the reactance 

is aC" —jxC', so that the applied electromotive force # is 
Ol +20") +7 70" —20) = e' + ¢.-7 =" —-j2)G, 

and the impedance is (r — ja). 

Write down an expression in complex form for the impe- 
dance of a simple circuit made up of a number of coils of 
resistances 71, 7 73, -:-, and inductances L,, L,, L; in series. 

Show that if an electromotive force, Z,,- cos pt, be applied to 
a simple circuit of resistance + and inductance Z which con- 
tains a condenser of capacity %, the impedance Z has the form 
r—j(e —2'), where « = Lp and x! =.1 / kp. 

375. A long straight wire parallel to the x axis, of resist- 
ance 7 and self-inductance Z per unit length, is covered by a 
thin layer of insulation the outside of which is kept at poten- 
tial zero. The capacity of the cable per unit length is A, and 
the rate of leakage through the insulation of a point where 
the wire is at potential V is XV per unit of length. Show 
that if C is the current in the wire, 

D,C+WV+k-DV=0, DVt+tL-D,C+reC=0; 
or, D2V — Lk- D?V — (Ly + rk) D,V — rrx»AV = 0, 
DC SELES DAC AEX + 7k) DEAE =o 

[Heaviside, lectrical Papers, Vol. I, XX; Poincaré, 
Comptes tendus, 1893; Picard, Comptes Rendus, 1894; 
Boussinesq, Comptes Rendus, 1894; Bedell and Crehore, 
Alternating Currents ; Webster, Electricity and Magnetism ; 
Pupin, Transactions of the American Mathematical Society, 
1900; The Electrical World and Engineer, October, 1901, 
and February, 1902. ] 

376. Two circuits s,, s., which have self-inductances L,, L,, 
and a mutual inductance M, carry currents C), C, in a magnetic 
field due to these currents only. The first circuit, which is 
rigid, contains a generator of constant electromotive force EZ, ; 
the second, which is deformable, contains no generator, so that 
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FE, —d(L,C, + MC,)/dt=7,0,, —d(MC, + L,C,) /dt = 7,0, 
Show that if one (x) of the generalized coérdinates which 
define the conformation of the second circuit: receives the 
increment dx during the time dt, so that L,, M, C,, C, are 
changed while Z, remains constant, the work dW done by the 
electromagnetic forces is } C,?- dL, + C,C,-dM, and the change 
dT in the electrokinetic energy is 

$C07.dL, + L,C,-dC, + MC,-dc, 

+ MC,-dC, + C,C,-dM + L,C,-dC,. 

Show that the equation (— dp, = r,C,- dt) yields 

1,C?-dt + C,L,-dC, + C?-dL, + MC,-dC,+ C,C,-dM= 0, 
and that the energy (C/’rdt + C,dp,) furnished during the inter- 
val dt by the generator in the first circuit is equaltodW+dT 
plus the energy dissipated in heat in the two circuits. If OQ, 
is originally zero, the expressions for d W and dT are much sim- 
plified. In any given case dx /dt is virtually determined by the 
mechanical equation of motion of the moving parts of s,; its 
value will evidently be greater or smaller, other things being 
equal, according as the electromagnetic forces are assisted or 
opposed by external forces. L,, M are to be regarded as 
given functions of x and other variables which do not here 
enter, and dL, /dt, dM/dt can be written D,L,(dx/dt) and 
D,M (dx /dt). The mechanical equation and the first two 
equations of this problem form a set which completely deter- 
mine z, (4, C, as functions of the time. __ 

If a circuit s is threaded by M® lines from a magnetic 
shell of strength &, /.dt —d(M®+ LC)=rC.dt and, in the 
general case, M, &, L, and C are all functions of the time. 

377. If » is the mass of the slider AB in Fig. 69, and if 
a constant force X be applied to AB towards the right, if 
DG=1, GB=z2, v = Daz, we have 

p: Dy =4C?. D,L + CHL + X, 
E.dt —d(LC+ Hlx)= rC- dt, 
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Show that if we can neglect the effect of the field due to the 
current in DABG, and if the change in r during the motion is 
inappreciable, 


C=[E/r+X/Hije*— X/ HM, 
v= [rX/H? + FE/H a — ee), 
where A= Hl? / pr. 
If X is positive, the current changes sign when 
FPP: = pr-log[ (ZHI + rX)/rX]. 


378. A condenser made of two cireular pieces of tin foil, 
each 28.58 centimetres in diameter, separated by a plate of 
plane glass of inductivity 6, 1 of a centimetre thick, is dis- 
charged by means of a piece of non-magnetic wire 1 metre 
long, bent into the form of a nearly complete circle. The 
resistance of the circuit is 0.001 ohm, and its self-induction 
1000 electromagnetic absolute units. Assuming that the 
farad is equivalent to 9 x 10" electrostatic absolute units of 
capacity, show that the discharge will be oscillatory with a 
period of about 2.3 x 10-7 seconds. The time constant, 
2L/R, is 0.002 second. The amplitude would be reduced 
to ywaso of its initial value in about 0.014 second, and to 
yossuse Of this value in about 0.028 second. 

379. A spherical shell of copper of small uniform thickness 
and of radius a is in a magnetic field of uniform intensity H. 
Show that the work required to withdraw it instantaneously 
from the field is } H°a*. [M. T.] 

380. An alternating electric current C -cos pt is made to flow 
along a straight wire of uniform circular section. Prove that 
the current strength at a distance r from the axis of the wire 
is given by the real part of Cha-J,(kr)-e?" /[2 za®-J, (ka) ], 
where @ is the radius of the wire, p its specific resistance, and 
k=(1—i)V2=p/Vp. [M.T-.] 
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381. If xis a function continuous within the extremely short 
time interval 7, and if + represents any instant during the 


T th < 
interval, uf x-dtis small and efi dt f x-dt much smaller. 
0 0 0 


A wire circuit of conductivity C and self-inductance Z is 
situated in the field of a magnetic system which undergoes 
a disturbance of impulsive character such that at the end it 
has returned to its initial state. Prove that if M denote the 
change in the induction through the circuit due to the field at 
any instant during the disturbance, and if Vis the time inte- 
gral of taken throughout the whole time of disturbance, then 
the induced current at any subsequent time ¢ is Ne~'/ . / CL?. 
[M. T.] 

382. -Show that if the branches p, q, 7, and s of the Wheat- 
stone net have self-inductances L,, L,, L,, L,, and contain con- 
densers which have capacities k,, k,, k,, k,, and if the current C 
in the main circuit is a given function of the time, the currents 
in the other branches are to be found from the equations 


C64 ¢,=¢, C=C, +6, €,=G4—G 
L,: D?C, + p- DC, 
+ C, [hyp — Lg: D?C,— 9 DiC,—Cy/ kg t+ 9 - D.C, =9, 
L,- D2C, + r+ D,C, 
+ C,/k,—L,-D?C,—s-D,C,—C,/k, —g-D,C,=09. 
(1) Prove that if C,' is the current in any branch, x, when 
C= F(t), and C," the current in the same branch when 
C=f(t), C,'+ C,' will be the current when C= F(¢) + f(t). 
(2) Show that if C,'+7-C," is the value of C, obtained 
from these equations when C = P(t) +7-f(4), C,' would cor- 
respond to C = F(t) and C,," to C= f(é). 
(3) Show that if C = A-e, the equations are satisfied, 
when the coefficients are properly determined, by the values 


— oo t ees At 
C,=A,-e, 0, =4,-%, C,=4,-, C, = A,-&, C,= A, &%, 
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and that if 6, =1+Ak,(4+ -L,), 
(b,kg + bk) Ap + AK, kA, = b,k,A, 


pg 
(0,k, + 6,k,) A, — (bk, + 6k, + gAk,k,) A, = 0.k,A. 
Find A,. 
(4) Show that if the condensers are all removed, if 
C= Ae; 
and if 


a,=a-- X15 A, = A(4,- a, = dy * As) /[ (A 2 aq) (4, + a;) 
+9 (ay + %q + a, + 4)] 
(5) If A= mi, C= A(cos mt +7 sin mt), A, has the form 
M+ M, and C, the form 
(M+ Ni) (cos mt + 7 sin mt) = (M- cos mt — N- sin mt) 
+ i(M.-sin mt + N-cos mt). 
If the condensers are all removed, and if C = A-cos mt, what 
is the condition that no current shall pass through g? 
383. Show that if (1) the 
fs branches p, g, 7, and s of the 
Wheatstone net have self- 
inductances L,, L,, L,, L,, and 
are in parallel with branches 
of negligible resistance having 
capacities k,,, k,, k,, k,, if (2) the 
current C in the main circuit 
(Fig. 134) is a given function 
of the time, and if (3) the cur- 
rents in the branch x of the net and in the condenser circuit 
parallel to it are denoted by C,, and C,' respectively, the currents 
are to be determined with the help of the equations 
2-C,=—L,-D,C,+ Q,/k, or C,' =k, (a@-D,€, +L,-D2C,), 
Co CO! iG. C= Cy CSC aaa eats. 
Cr C=C, 4-0, Ce, 


pO, +9-0,—9° 0, = —L,- DO, +Ly-DCy 


Fie. 134. 


MISCELLANEOUS PROBLEMS. 481 


and r-C,— s:C,—g9:-C,=—L,-D,C, +L,:D,C, 
If the results of applying the operations 
[1+ 4, (@-D,+ L,-D/)], [x +L,-D,] to C, 


be denoted by ¢(C,), ¥(C,) respectively, these equations yield 
the five equations which follow: 
$(C)+$(C)=6, 
$(C,)—¢ (C,) — C, = 0, 
$(C,) ay $(C,) a C, = 0, 
V(C,)-W(C,)— 9: 6, =0, 
¥(C,)—¥ (C+ 9- C, a0. 
Show that if C = 4-e™, these equations are satisfied, when the 
coefficients are properly determined, by the values C, = A, - e™, 
C,= A,:e, C, = A,-e, C, = A,-e', C, = A,-e, and that if 
a,=2“+4+2L,-r,6,.=1+kA(e+L,-d), 


wes A (a,4,b,,b, — 4,4,b,b,.) 

2 (a,b, a,b, (4,0, +4),) + 9[b,b,(4,5,+4,,) +0,b,(4,b,+4,b,) ]- 
If A is real, and if X = mi, where m is real, 

C = A(cos mt + 7-sin mt), 
is of the form M+ ™M, and C, of the form 
(M + Ni) (cos mt + 7: sin mt) 

or (M.cos mt — N- sin mt)+7(M- sin mt + N cos mt). 
The real part of C, is of the form VM? + N?.cos (mt — 8), 
where tand=—N/M. Prove that this would be the value of 
C, if the value of C were A - cos mt. 

Show that if C= A-cos mt, if the condensers are all 
removed, and if L,=L,=0, C, will be zero for all values 
of m if L,/L,= 9/8 =p/r. 

Prove that if C=A-cos mt, if the inductances are neg- 
ligible, and if k, = k, = 0, C, will be zero for all values of m 


if k,/k,=s/qg=r/p. 


A 


g 
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Prove that if all the Z’s and k’s except k, and L, are zero, 
C, will be zero if, and only if, L, = grk, = psk,. 

Show how to find the value of C, if C = A-sin mt. 

384, An infinite mass of metal has one plane face, which 
is the yz plane. At the time zero, uniform currents parallel 
to the axis are induced in the plane by a sudden change in 
the magnetic field, which after the change remains constant. 
It is evident that w and v will remain zero and that w is a 
function of x only, so that (Section 88) 4 7pA- Dw = Dw ana 
w=A-e/ t, where u = — mpAa’/t. Show that w will have 
its maximum value at a distance x, from the plane face at a 
time ¢t = 2 rpAx,? and that this value is A /(« V2 mre). When 
t is large, w has nearly the same value for all moderate values 
of « Assuming that for copper »A = 1/1600 and for iron 
1/10, show that the maximum current will be attained at a 
depth of 16 centimetres in copper and 1.26 centimetres in 
iron after 1 second. 

385, An infinite conductor has one plane face (the yz plane), 
but is otherwise unlimited. Periodic currents parallel to the 
z axis and independent in intensity of y and 2 are induced in 
this conductor by some cause on the negative side of the yz 
plane. Since wand v are zero, w must (Section 88) satisfy the 
equation 4 mAu- Dw =D ?w, and of this equation Ce”.e—", 
where 1= kt /4mrdp, VW = khi,n=kA+ i) | V2, is a special 
solution. The real part of a complex solution of this equation is 
itself a special solution; and if we assume that w = C,, cos pt, 
when x = 0, we learn that 


w=C,e “V2 cos (pt — 2% V2 mApp), 


a simple harmonic expression the amplitude of which is 
Cen re, where f is the number of alternations per second. 
Show that this amplitude has 1 /mth of its surface value at 
the depth log m/(2 a V\pf). Show that if the frequency is 
100, the amplitudes 1 centimetre from the surface will be 
0.208 C,,in the case of copper, and 0.0000000024 C,, if the 


MISCELLANEOUS PROBLEMS. 483 


conductor is made of iron. Show also that if the frequency is 
10,000 the amplitude in the case of copper at a point 1 centi- 
metre from the surface would be 0.00000015 C,,. _ 

386. Show that if U, V, W are the components of a vector 
taken at every point in the direction in which the orthogonal 
curvilinear coérdinates wu, v, w increase most rapidly, the 
components of the curl of the vector are 


K,=hhy[D,CW/h,) — Dy (V/h,)), 
K, =h,hy[D.(U/ hy) — D{ W/h,)), 
K,, = hh, [D, (V/h,) — D,(U/ h,))- 


A very interesting proof of Stokes’s Theorem in curvilinear 
coérdinates has been given by Prof. A. G. Webster in the 
Bulletin of the American Mathematical Society for 1898. 

387. The whole induction flux through a linear circuit, s,, 
is equal to the line integral, /,, of the tangential component 
of a vector potential of the induction taken around the 
circuit, so that the electrokinetic energy, 7, of a set of 
circuits $1, Ss. s3,---, Which carry currents C,, C,, C,,--:, is 


+) Cre >> res {i [F,-cos (2, s,)+ F,-cos(y, 8,) 


+ F,- cos (2, s,) | ds; 


If the linear circuits are the filaments of a massive conductor 
in which the components of the current are wu, v, w, and if S, is 
the area, at any place, of the cross-section of the filament s, ; 
C;,- COS (x, 8,)=u- Sp, OC, - COS (Y, 8, )= +» Spy Ci, + COS (%, 8) = W> Sy. 
Show that we may write 


T=t{f fit F,vt F,-w)dr, 


where the integration is to be extended over all space where 
currents exist. 
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ADDITIONAL ANSWERS TO PROBLEMS. 


CHAPTER I. 
113032 96501 
iy << 5 = hence R=0.541+ ; 
() 274625 274605) +3 
6 = 40° 29' +. 


1 1 1 
(2) k=m), SS oe COBB =i? COSY aan where 


1 Beal 
a= (hta+d 
(5) If 27 be the length of the wire, and if the axis of the 


wire be taken for the axis of abscissas with the origin at the 
middle point, the required equation is 


2 2 
2cy?—1 = — t =te! —_——* 
[d— oye} [C+a)* +97}! 

(6) If the radius of the earth be taken as 3960 miles, and 
the mass of a cubic foot of water as 62.5, one poundal is equiv- 
alent to 952 million attraction units approximately. 

(8) If ¢ be the distance of the point P from the centre of the 

: eee 1 1 : , 
sphere, the required attraction is m|———HH\ |, if P 
I ’ q ke 8(ct =r 1S 
without the solid ; re if P is within the cavity, and 


Teil Satie 
87° (e+r)?f 


if P is a point in the mass of the solid. 
(9) The attraction of a hemisphere of radius R at a point P 
facing the flat side of the hemisphere and lying on the perpen- 


dicular to this side erected at the centre O is 
484 
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pagal Bh 208+ (2@ — RB’) V R* + a*], where a= OP. 
The attraction of the other hemisphere may be found by sub- 
tracting this quantity from the attraction due to the whole 
sphere of which this hemisphere is a part. See § 9. 
(10) (a) That the density varies inversely as the distance 
from the centre. 


(b) M eae 2h =| 


4nR\r' 981nr 327 
(12) Here d is supposed to be greater than a. 
(15) The attraction is 34.9, and its line of action makes an 


angle of 1°49!’ with the line joining the centre of the sphere 
with the point in question. 


CHAPTER II. 


(7) That the force is constant. 
2 2 
(9) Vou= 2 np(18 —0); nN2= 570(19 +7); 


2 14 2 
Vas 5r0(27 75 — E Vi-wg 7 
(11) Yes; 1.46 —. 


: 500 7 220 
if 5>r>4, vam ( 5); 
if r>5, Vamp. 
(15) No. 


(20) (1) About 1,830,000 tons of 2000 pounds each. 
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Activity, 316, 465. 
Alternate currents in inductive 
circuits, 812, 329, 464-482. 
Ampeére, 265. 
Ampere, the, 233, 298. 
Apparent charges, 183. 
Apparent electromotive forces, 317. 
Attraction. 
centrobaric bodies, 362, 371. 
cones, 8, 25, 349. 
curved wires, 25, 345. 
cylinders, 7, 26, 337, 346, 347, 
848, 358, 368, 369, 376, 377. 
cylindrical distributions, 60, 72. 
cylindrical shells, 26, 349. 
discrete particles, 2, 25. 
ellipsoidal homeeoids, 16. 
ellipsoidal surface distributions, 
141, 160, 378. 
elliptic cylinders, 376, 377, 379. 
focaloids, 878. 
given mass, 19, 350. 
hemispheres, 13, 15, 26, 352, 353, 
358. 
hollow spheres, 26, 27. 
paraboloids, 28, 3538. 
similar solids, 350. 
solid ellipsoids, 117, 378. 
special laws of, 351, 359, 361. 
spheres, 18, 18, 26, 27, 350, 358. 
spherical distributions, 56, 72, 
368, 375. 
spherical sectors, 351. 
spherical segments, 27, 352. 


Attraction. 

spherical shells, 10, 11, 18, 26, 
27, 35, 58, 350, 352. 

spheroids, 28, 380, 381. 

straight wires, 3, 4, 25, 26, 34, 
71, 344, 345, 346, 359. 

thin plates, 22, 28, 3847, 348, 349. 

two rigid bodies, 24, 350, 353. 

two spheres, 23, 337, 338, 339. 

two wires, 238, 73, 344. 


Ballistic galvanometers, 442. 
Bocher, 371. 


Capacity, 159, 161, 307, 309, 321. 
(See Condensers. ) 

Centrobaric distribution, 362, 371. 

Charged conductors, 146, 148, 157, 
167, 171, 385, 386, 387, 388, 
389, 590, 398, 394, 395, 396, 
397, 402, 408, 410. 

Coefficients of potential, induction, 
and capacity, 157, 390, 397. 

Columnar coodrdinates, 68, 141, 354, 
421. 

Condensers, 161, 164, 166, 176, 
184, 307, 388, 389, 390, 393, 
396, 401, 402, 409, 413, 418, 
419, 420, 489, 440, 441, 466, 
467, 478, 479, 480. 

Conditions which determine func- 
tions, 104, 107, 183, 184, 135, 
136, 137, 138, 180, 208, 245, 
371, 382, 415. 
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Conductivity, 227. 

Cones, 8, 25, 349. 

Conjugate functions, 412, 429, 480, 
431, 4382, 433. 

Convergence, 111, 138. 

Coulomb, the, 233. 

Coulomb’s Equation, 89, 180, 179, 
183. 

Curl, 111, 138, 139, 148, 382,383,483. 

Current induction, 291. 

Currents in cables, 428, 429, 437. 

Curvilinear coérdinates, 65, 136, 
137, 141, 182, 384, 385, 421, 483. 

Cylinders, 7, 26, 346, 347, 348, 358, 
369, 376, 377. 

Cylindrical distributions, 60, 72, 
368, 369, 371, 375, 404, 408, 
409, 410. 


Darwin, 364. 

Depolarizing force, 206, 379. 

Derivatives of the potential func- 
tion, 30, 31, 32, 36, 40, 45, 50, 
72, 78, 91, 360, 361, 366. 

Derivatives of scalar functions, 115, 
116, 138, 382. 

Dielectrics, 146, 176, 199, 418, 414, 
415, 416, 418. 

Dimensions of physical quantities, 
210, 338, 462. 

Dirichlet, 50, 104, 125. 

Displacement currents, 335, 

Dissipation function, 240. 

Divergence, 111, 138, 141, 382, 
383, 384. 

Divided circuits, 235. 

Double layers, 144, 214. 

Doublets, 196, 434, 436. 


Effective electromotive forces, 317. 
Electrical displacement, 177. 
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Electrical images, 167, 170, 400, 
401, 404, 410, 411. 
Electrical intensity, 177. 
Electrodynamic potential, 273, 275. 
Electrodynamics, 262, 267, 271, 
278, 276, 297, 454-459. 
Electrodynamometer, 474. 
Electrokinematic equilibrium, 222, 
241, 245, 246. 
Electrokinematics, 222, 246. 
Electrokinetic energy, 271, 281, 
296, 461, 465, 477, 483. 
Electrokinetic momentum, 297,465. 
Electromagnetic fields due to closed 
linear circuits, 259, 454, 455, 
456-459. 
Electromagnetic fields 
straight currents, 251, 
454. 
Electromagnetic units, 233, 298. 


due to 
255, 


‘ Electromagnetism, 251. 


Electromotive force, 230. 

Electromotive force, triangle of, 
316, 319, 320, 321. 

Electrostatic potential functions 
within conductors which carry 
currents, 241, 246. 

Electrostatic units, 233. 

Electrostatics, 145. 

Ellipsoidal conductors, 160, 401, 
402. 

Ellipsoidal homeeoids, 16. 

Ellipsoidal shells, 16, 378. 

Ellipsoidal surface distributions, 
141, 378. 

Ellipsoids, 117, 378, 380. 

Elliptic cylinders, 376, 377, 379. 

Energy, 48, 97, 183, 269, 280, 364, 
868, 391, 401, 418, 453, 454. 

Energy of charged conductors, 171, 
175, 188, 391, 894, 401, 418. 
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Equations of the electromagnetic 
field, 332. 

Equilibrium of fluids, 70, 73, 74, 
365, 381. 

Equipotential surfaces, 37, 71, 72, 
73, 122, 141, 357, 369, 371, 
372, 403. 

Ewing, 291. 


Farad, the, 233. 

Faraday’s disc, 272, 298. 

Faraday tubes, 152. 

Field components, 21, 30, 177, 255, 
265, 283, 332. 

Fleming, 291. 

Flow of force, 151, 365. 

Focaloids, 378. 


Galvanometers, 455, 456, 457, 458. 

Gauss’s Theorem, 52, 66, 78, 129, 
sah, alvies 

Gibbs, 221. 

Gradients, 115, 187, 188, 384, 385, 
421, 483. 

Gravitation, 1. 

Gravitation constant, 2, 370. 

Gravity, 15, 342, 343, 344, 347, 370. 

Gray, 269. 

Green’s distribution, 109, 446. 

Green’s Function, 384. 

Green’s Theorem, 91, 129, 384. 


Hard and soft media, 202, 204, 208. 
Harmonic Functions, 45, 100, 103, 

104, 105, 135, 187, 143, 382, 415. 
Heat developed in circuits which 

carry currents, 238, 272, 297. 
Heaviside, 221, 282, 462. 
Helmholtz, 221. 
Hemispheres, 13,15, 26,352, 353, 358. 
Hilbert, 105, 
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Hollow conductors, 152. 
Hysteresis, 289, 460. 


Impedance, 315, 318, 465, 476. 

Induced charges, 146, 153, 156, 167, 
184, 201, 394, 395. 

Induced currents, 292, 298, 299, 
302, 326, 468, 464. 

Induced electromotive force, 292, 
295, 297, 302. 

Induced polarization, 208, 204, 207. 

Inductance, 278, 458, 461, 462, 476. 

Induction, 146, 152. 

Induction coils, 326. 

Induction flux, 151, 260, 292. 

Induction vector, 178, 201, 202. 

Inductivity, 176, 200. 

Intrinsic charges, 183. 

Intrinsic energy of a distribution, 
the, 43, 97, 183. 

Inversion, 397, 399, 400, 401, 411. 


Joule, the, 239. 


Kelvin, 105, 206. 
Kirchhoff, 234, 280. 
Kirchhoff’s laws, 234. 


Laplace’s Equation, 44, 65, 71, 
245, 357, 359, 360. 

Laplace’s Law, 262. 

Law of gravitation, 1. 

Law of nature, 75, 145. 

Linear conductors, 226, 230, 421. 

Linear differential equations, 302, 
304, 807, 309, 311, 314, 470, 
471, 472, 473, 474. 

Lines and level surfaces of vectors, 
112,128, 140, 382. 

Lines and surfaces of flow, 243, 
246, 247, 249, 
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Lines and tubes of force, 55, 71, 72, 
78, 122, 150, 187, 188, 251, 260, 
288, 359, 867, 372, 373, 391, 394. 

Logarithmic potential functions, 
126, 385, 406, 407. 


Magnetic energy, 269. 

Magnetic induction, 260, 287. 

Magnetic lines, 391. 

Magnetomotive force, 287. 

Magnets, 199, 442, 443, 444, 445, 
446, 450, 451, 453. 

Maximum and minimum theorems, 
103, 135, 136, 240. 

Maxwell, 334. 

Maxwell’s Current Equations, 281. 

Mechanical action on a conductor 
which carries a current in a 
magnetic field, 262, 264, 267. 

Motion under gravitation, 71, 338, 
339, 340, 341-344. 

Mutual energy, 42, 269, 278, 276, 
368, 395, 401. 

Mutual energy of distribution and 
field, 451, 452, 453, 454. 

Mutual inductance of two circuits, 
276, 278. 


Neumann, 273. 

Newton, 349. 

Non-homogeneous conductors, 244, 
245, 

Normal force, 89. 


Ohm, the, 233, 298. 
Ohm’s Law, 227. 


Paraboloids, 28, 353. 
Pendulums, 26, 342. 
Permeability, 176. 
Perry, 469, 472. 
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Planetary motion, 341. 
Poisson, 334, 446. 
Poisson’s Equation, 61, 66, 79, 129, 
147, 178, 182, 201, 202, 360, 421. 
Poisson’s Integrals, 102, 132. 
Polarization, 185, 192, 198. 
Polarization moments, 186, 193. 
Polarization vector, 186, 194. 
Polarized cylinders, 448, 449. 
Polarized ellipsoid, 189, 207. 
Polarized shells, 214, 450. 
Polarized spheres, 187, 447. 
Potential difference, 231, 318, 422, 
466. 
Potential function 
as measure of work and energy, 
41, 78. 
average value on spherical sur- 
face, 67. 
definition, 29, 354. 
derivatives of, 30, 31, 32, 36, 40, 
44, 45, 50, 61, 72, 73, 89, 91, 
130, 179, 183,360, 361,365, 366. 
properties and characteristics of, 
32, 40, 44, 67, 68, 78, 80, 86, 
107, 179. 
special cases, 34, 35, 36, 58, 60, 
71, 72, 74, 80, 82, 125, 197, 
355-365, 375. 
Poynting, 371. 
Pupin, 467, 476. 


Rayleigh, 307. 

Reactance, 315. 

Real charges, 183. 

Reluctance, 287. 

Repelling matter, 75, 76. 

Resistance, 227, 247, 249, 422, 426, 
433. 

Resonance, 323, 467. 

Ring magnets, 286, 
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Self-inductance, 278, 296, 300-331. 

Solenoidal and lamellar vectors, 
111, 188, 1389, 140, 148, 144, 
221, 382, 383. 

Solenoidal polarization, 198, 203, 
204, 449, 450. 

Solenoids, 284. 

Solid angles, 11, 49, 58, 215, 261, 
349. 

Space derivatives of scalar func- 
tions, 115, 138, 382. 

Specific inductive capacity, 176. 

Spheres, 18, 18, 23, 26, 27, 350, 358. 

Spherical condensers, 161, 184, 389, 
390, 418, 419. 

Spherical conductors, 159, 161, 167, 
394, 396, 401-403. 

Spherical codrdinates, 63, 384, 421. 

Spherical distributions, 56, 72, 184, 
210, 368, 372, 375. 

Spherical segments, 27, 352. 

Spherical shells, 10, 11, 18, 27, 35, 
58, 350, 3860, 375. 

Spheroids, 28, 144, 370, 379, 380. 

Steady currents in linear circuits, 
222-241, 421-429, 441, 454-459, 

Steinmetz, 475. 

Stokes’s flux function, 367. 

Stokes’s Theorem, 113, 219, 252, 
282, 295, 332, 383, 483. 

Strength of field, 2, 147. 

Superficial induced currents, 299, 
479, 482. 

Surface distributions, 83, 85, 88, 
109, 146-176, 385-420. 

Surface pressure, 90. 

Susceptibility, 200, 281. 


Theorems involving surface and 
volume integrals, 47, 54, 66, 


INDEX. 


98, 94, 95, 97, 98, 100, 101, 
102, 103, 104, 1138, 182, 135, 
136, 137, 144, 220, 356, 357, 384, 
414, 415, 452, 453, 454, 460. 
Thomson, J. J., 299. 
Thomson’s Theorem, 104. 
Tide-generating forces, 363, 264. 
Transformers, 331, 474. 
Triangle of resistances, 316. 
Two-fluid theory, 145. 


Uniform polarization, 186, 188. 

Uniformly polarized distributions, 
186, 189, 205, 207. 

Units, 238, 298, 462. 

Units of force, 2, 25, 31, 80, 210, 
337, 388, 462. 


Variable currents, 423, 437, 489, 
440, 441. 

Variable currents in inductive cir- 
cuits, 301, 326. 

Vector lines and surfaces, 112, 123. 
140, 382. 

Vector potential functions, 112, 
139, 140, 218, 294, 452, 453. 

Vector product, 293. 

Vectors, 14, 111, 189. 

Volta’s Law of Tensions, 229. 

Volt, the, 2388, 298. 


Webster, 206, 265, 483. 

Wheatstone’s net, 236, 241, 305, 
806, 311, 427, 479, 480. 

Wires or rods, 3, 4, 23, 25, 26, 34, 
71, 78, 844, 345, 346, 359. 

Woodward, 370. 

Work, 41, 78, 354, 355, 401. 


Zonal harmonics, 261, 373, 374, 375. 
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